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Abstract 
Chemical energy storage by water splitting is a promising solution for the utilization of 
solar energy in numerous applications. Both efficient electrocatalysts and photocatalysts with 
a facile and scalable synthesis method are indispensable to achieve economic feasibility for 
water splitting. In the introductory chapter, a comprehensive review of electrochemical and 
photoelectrochemical (PEC) water splitting is provided and the fundamental concept of the 
PEC device design is described. Three different systems for water splitting were then 
explored in the following experimental chapters. In the second chapter, Manganese oxides 
(Mn3O4, Mn5O8 and Mn2O3) nanoparticles, with a range of specific surface area and crystal 
structures, were synthesized and compared. The nearly identical morphology of synthesized 
manganese oxide nanocrystals allows a systematic investigation on the relation between 
oxidation states and catalytic activities of different manganese oxide nanocrystals. Interesting 
discoveries regarding surface-specific turnover frequency, mole-specific turnover frequency 
and catalytic stability were demonstrated.  
Highly transparent and robust sub-monolayers of Co3O4 nano-islands were subsequently 
developed, which efficiently catalyse water oxidation with a comparable performance to 
noble metal-based catalysts. The potential of the Co3O4 nano-islands for 
photoelectrochemical water splitting has been demonstrated by incorporation of co-catalysts 
in GaN nanowire photoanodes. The Co3O4-GaN photoanodes reveal significantly reduced 
onset overpotentials, improved photoresponse and photostability compared to the bare GaN 
ones.  
In the last experimental chapter, we developed both physically- and chemically-induced 
morphology/structure tuning procedures, viz. capillary force-induced self-assembly and 
corrosion followed by regrowth, drastically increasing the water oxidation photocurrent 
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density of nanostructured hematite photoanode. In addition to morphological changes, 
structural transformations were obtained by capillary force-induced self-assembly resulting in 
improved crystallinity of hematite with preferential orientation in the [110] direction. High 
conductivity of the hematite (001) basal planes contributes to the significantly enhanced 
photo-electrocatalytic activity. Subsequent dissolution and regrowth of hematite 
nanostructures further improved the performance, resulting in improved light absorption, 
more efficient charge separation and surface charge transfer processes.  
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1.1 Introduction 
Solar-to-chemical energy conversion is one of the most promising approaches to meet 
human energy demand in the twenty-first century. The process facilitates the storage of 
energy that can be used when required without emitting greenhouse gases. This conversion is 
performed by green plants known as natural photosynthesis, in which oxygen and 
carbohydrates are produced from water and carbon dioxide driven by sunlight.1 Although the 
energy-conversion of natural photosynthesis can reach up to 7% under optimum conditions2, 
efficiencies below 1% are more common for agricultural crops over their entire lifecycle3.  
Artificial photosynthesis using man-made materials can potentially achieve higher solar-
to-fuel efficiency than natural photosynthesis. Photocatalytic water splitting that converts 
water into hydrogen and oxygen is a dominant research area in artificial photosynthesis. This 
is due to that hydrogen is a highly versatile and clean fuel as an alternative to fossil fuels. Its 
applications include electricity conversion using a fuel cell and driving an internal 
combustion engine. The only reaction product upon oxidation is water. Furthermore, it can 
also be converted into a more convenient liquid hydrocarbon fuel using excess CO2 and well-
established Fischer-Tropsch technology. Nowadays there are three major industrial 
applications for hydrogen. Over 50 percent of hydrogen is used to produce ammonia via the 
Haber process for fertilizers production. About 35 percent is used in petroleum refineries for 
hydrocracking that is to convert longer chain hydrocarbons to lighter fractions. Around 8 
percent of the overall hydrogen produced is used in methanol production. Methanol can be 
then converted to formaldehyde for polymer production. However, large-scale production of 
hydrogen in a sustainable and economic way remains significantly challenging.  
1.2 Current methods for hydrogen production 
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Today hydrogen is commonly produced by from natural gas, oil and coal. It can also be 
produced from biomass.4  
1.2.1 Electrolysis of water  
Electrolysis of water is the decomposition of water into hydrogen and oxygen gas while an 
electric current is passing through the water. This process requires a potential difference of at 
least 1.23 volts between anode and cathode to split water. The overall reaction is shown 
below: 
                                                   2H2O(l) → O2(g) + 2H2(g)                                                  (1.1) 
The oxidation reaction on the anode and reduction on the cathode were explained in the 
equation (1.2) and (1.3), respectively. 
                                             2H2O(l)  → O2(g) + 4H+(aq.) + 4e–                                          (1.2) 
                                                    4H+(aq.) + 4e– → 2H2(g)                                                   (1.3)   
During the electrolysis water process, oxygen and hydrogen gas is generated at the anode and 
cathode, respectively (Figure 1.1). The amount of hydrogen is ideally twice the amount of 
oxygen, and they are both proportional to the electrical charge passed through the cell. The 
decomposition of water into hydrogen and oxygen is an endothermal reaction with the 
formation of peroxide and superoxide, resulting in a positive shift in Gibbs free energy. 
Therefore, excess energy is necessary to achieve overall water splitting due to the extra 
activation barriers, which is a minimum of 0.25 V in addition to the thermodynamic 
requirement (1.23 V or 237 kJ mol–1). In practice, taking into the consideration the resistive 
voltage drop and other parameters involved in the cell, the actual potential needed to achieve 
overall water electrolysis is about 1.5-1.6 V. This difference between theoretical and practical 
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potentials is referred to as overpotential.5 This overpotential can be decreased by integration 
of oxygen evolution and hydrogen evolution electrocatalysts onto the anode and cathode, 
respectively, resulting in a higher efficiency for water electrolysis. The diaphragm between 
anode and cathode is used for gas separation of oxygen and hydrogen. However, it allows 
protons to pass through from anode to cathode where they will be reduced to hydrogen gas. 
 
Figure 1.1: Schematic diagram of water electrolysis setup.  
1.2.2 Solar thermal water splitting 
Solar thermal water splitting (STWS) involves concentrated solar radiation, which is used 
to achieve high temperature in a chemical reactor to drive chemical reactions (e.g. water 
splitting) towards the production of storable and transportable hydrogen fuels, as shown in 
Figure 1.2. Nowadays multi-step (more than two steps) water splitting is considered as a safer 
and more efficient method for hydrogen production.6 It is based on reduction and subsequent 
re-oxidation of metal oxides, requiring reduction temperature above 1000 oC.7 This 
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temperature is much lower than that (above 2200 oC) required for endothermic decomposition 
of water into hydrogen and oxygen.8 Furthermore, because hydrogen and oxygen are 
produced in separate steps, the explosion possibility is minimized.  
In a typical two-step STWS, the first step is a reduction step in which a metal oxide is 
reduced to the lower oxidation state under low oxygen partial pressure. Oxygen is generated 
at the same time during this step, as shown in the equation (1.4). This reaction happens in a 
high temperature achieved by heating with concentrated sunlight. In the second step, the 
reduced metal oxide reacts with water vapor that reoxidizes the material and generates 
hydrogen, as shown in the equation (1.5). This oxidation step normally requires a lower 
temperature than that for reduction step. 
                                                          MOx → MOx–δ + 
δ
2
O2                                                   (1.4) 
                                                    MOx–δ + δH2O → MOx + δH2                                            (1.5) 
 
Figure 1.2: Schematic diagram of solar energy conversion into fuels. 
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Two-step redox cycles can be generally divided into two categories – volatile and non-
volatile. With respect to volatile redox cycles, the metal oxides undergo gas-solid phase 
transitions. In contrast, metal oxides during non-volatile cycles maintain in the solid state. 
Non-volatile metal oxide redox cycles consist of two subcategories – stoichiometric and non-
stoichiometric cycles. Several commonly investigated materials for two-step redox cycles are 
shown in Table 1.1. 
Table 1.1 Common two-step metal oxide redox pairs9 
Category Cycle name Reduction reaction 
Volatile Zinc oxide ZnO(s) → Zn(g) 
Tin oxide SnO2(s) → SnO(g) 
Non-volatile 
(stoichiometric) 
Iron oxide Fe3O4 → FeO 
Ferrite MxFe3–xO4 → xMO + (3–x)FeO 
Hercynite Fe3O4 + 3Al2O3 → 3FeAl2O4 
MxFe3–xO4 + 3Al2O3 → (3–x) FeAl2O4–x + 
xMAl2O4 
Non-volatile  
(non-stoichiometric) 
Ceria CeO2 → CeO2–δ 
Doped ceria MxCe1–xO2 → MxCe1–xO2–δ 
Perovskite ABO3 → ABO3–δ 
Because a highly demanding quenching step is necessary and material loss happened due 
to gas-phase deposition on the walls of the reactor, volatile cycles are not viable for large-
scale and long-term solar thermal hydrogen production. Amongst the proposed cycles in 
Table 1.1, doped hercynite and perovskite materials are the most promising candidates due to 
their lower reduction temperatures and fast reaction rates. 
1.2.3 Photochemical water splitting 
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Photochemical water splitting into H2 and O2 using semiconducting catalysts has also 
gained significant attention. TiO2 semiconductor materials were reported by Fujishima and 
Honda for water splitting, which triggered the development of semiconductor photocatalysts 
for a wide range of environmental and energy applications.10 When a photocatalyst is used 
for water splitting, the energetic position of the bottom of the conduction band must be more 
negative than the reduction potential of water to produce H2, and that of the top of the valence 
band must be more positive than the oxidation potential of water to produce O2. During the 
past 45 years, various photocatalysts have been developed for water splitting under 
illumination of both UV and visible light. (Oxy) nitrides, such as Ta3N5, TaON and LaTiO2N 
are also candidates for photocatalytic water splitting.11 However, there is a lack of materials 
with proper band gap positions for efficient overall water splitting, as well as the robustness 
that is critical for practical applications.  
Photocatalytic water splitting on nanostructured semiconductors includes three main steps: 
(1) photon absorption with energy above the semiconductor bandgap, resulting in the 
generation of electron and hole pairs in the semiconductors; (2) charge separation and 
migration of the photogenerated carriers in the semiconductors; (3) surface chemical 
reactions between these carriers with H2O; electrons and holes may also recombine with each 
other without participating in the reactions.12 Charge recombination including surface and 
bulk recombination reduces the number of e−/h+ pairs, which is considered as a deactivation 
process and is ineffective for water splitting. A single (Ga1−xZnx)(N1−xOx) photocatalyst 
material was reported by Domen et al. for water splitting under visible light irradiation with 
an average quantum yield of ca. 0.14%.13 Recently, GaN:ZnO loaded with Rh/Cr2O3 
(core/shell) and Mn3O4 nanoparticles was demonstrated as H2 and O2 evolution promoters, 
respectively, under visible light irradiation.14 Over 130 semiconductors are known to catalyse 
the photochemical water-splitting reaction or either water oxidation or reduction in the 
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presence of sacrificial agents.15 However, the molecular mechanism of water reduction and 
oxidation on the semiconductor surface has not yet been elucidated in sufficient detail. Many 
questions about charge transfer between semiconductor and cocatalysts, and its dependence 
on the structural and electronic features of the interface are still open.15 
1.2.4 Photoelectrochemical water splitting 
Photoelectrochemical (PEC) devices convert the energy of photons to chemical energy, 
which consist of three approaches to couple the light harvesting and water splitting 
components. In fully integrated PEC devices or wireless PECs, the light absorber and water 
splitting catalysts are in physical contact, as shown in Figure 1.3a. In partially integrated 
devices (wired PECs), oxidation reaction or hydrogen evolution catalyst is in physical contact 
with the light absorber, while the other catalyst on the other electrode is connected through 
external wiring (Figure 1.3b). In contrast, non-integrated devices known as modular systems 
consist of two separate units, namely photovoltaic (PV) cells and electrolyser that are 
combined via external wiring (Figure 1.3c). 
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Figure 1.3: Schematic diagram of light-driven water splitting approaches. (a) Fully 
integrated/wireless PEC; (b) partially integrated/wired PEC; (c) non-integrated/modular PEC.  
It is widely agreed that 10% or higher solar-to-fuel conversion efficiency has to be 
achieved for PEC water splitting to become economically viable.16, 17 16.5% solar-to-fuel 
efficiency has been achieved by Khaselev et al.18 and 18% by Peharz et al.19 In addition, a 
modular PEC system, using CH3NH3PbI3 perovskite solar cells connected with NiFe layered 
double hydroxide electrodes, demonstrates solar-to-fuel efficiency up to 12.3%.20 Most 
recently, a benchmark efficiency of 22% was achieved by Leone and co-workers using 
concentrated solar energy.21 
1.3 Water splitting catalysts 
As water splitting is a thermodynamically and kinetically demanding process, catalysts are 
widely utilized to lower the activation energy for both oxygen and hydrogen evolution. Two 
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types of catalysts have been intensively investigated for oxygen and hydrogen evolution: 
molecular catalysts and solid-state heterogeneous catalysts (e.g. metals, metal oxides, 
sulphides and phosphides). 22, 23 Notably, some molecular catalysts can transform to 
heterogeneous metal oxide ones under a positive applied bias.24, 25  
1.3.1 Molecular catalysts 
1.3.1.1 Molecular hydrogen evolution catalysts 
by hydrogenase enzymes that produce hydrogen using iron and/or nickel cofactors, 
researchers have developed a range of molecular catalysts for hydrogen evolution.26 Amongst 
those, noble metal-based complexes are highly active hydrogen evolution catalysts. For 
instance, heteroleptic iridium-complexes have been reported for photo-assisted hydrogen 
evolution in acidic solutions,27 as well as Pt (II) chromophoric complexes reported by Pingwu 
et al. 28 In addition to these noble metal-based catalysts, cost-effective first-row transition 
metal-based complexes have also been demonstrated, such as iron carbonyl phosphine,29 
cobaloxime-based complexes,30 or a nickel(II) bis(diphosphine) complex.31 Lond and co-
workers have also reported a robust molybdenum-oxo complex that can catalyse hydrogen 
evolution from both neutral pH water and sea water.32  
1.3.1.2 Molecular oxygen evolution catalysts 
In 1982, Meyer and co-workers first reported the dinuclear μ-oxo-bridged ruthenium 
complex cis,cis- [(bpy)2(H2O)Ru(μ-O)Ru(H2O)(bpy)2]4+ as oxygen evolution catalyst.33 It is 
also commonly known as blue dimer whose molecular structure is shown in Figure 1.4. 
However, the blue dimer suffers from low activity that is believed to be caused by the 
instability of the μ-oxo bridge. Therefore, more researchers have tried to find more stable 
organic ligands that are able to bring two Ru centers closer, thus enabling more efficient 
oxygen evolution catalysis.23 Three times more efficient Ru-Hbpp catalyst 
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[Ru2(OH2)2(bpp)(tpy)2]
2+ (Hbpp = 2,2′-(1H-pyrazole-3,5-diyl)dipyridine) was reported by 
Sens et al., with two of deliberately placed Ru metal centers in close proximity.34 Several 
dinuclear ruthenium complexes, with rigid polypyridyl-based ligands as the bridge between 
the two ruthenium centers, have also been demonstrated by Thummel and co-workers.35, 36 It 
was found that the initial oxygen evolution rate was first-order in catalyst concentration, 
indicative of cooperation between the two Ru centers. Bispyridylpyridazine linker is the 
optimum central linker of bridging ligands with a high turnover number (TON) of 538 for 
oxygen evolution catalysis.37 In addition to the dinuclear Ru complexes, sigle-site metal 
complexes were also confirmed to be able to catalyze oxygen evolution reaction. In these 
reported Ru complexes, the vital ligand backbone contained a tridentate polypyridyl type 
ligand, 2,6-di(1,8-naphthyridin-2-yl)pyridine, with uncoordinated naphthyridine nitrogens. 
These nitrogens stabilized the single-site aqua complexes due to their interaction with the 
aqua ligand through hydrogen bonding. 35 Molecular single-site catalysts facilitate the design, 
synthesis and characterization of ligands. The studies of structure-activity relation can be 
easily conducted due to the tunable ligand environment in these molecular systems.23  
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Figure 1.4: Molecular structure of the so-called “blue dimer”, cis,cis- [(bpy)2(H2O)Ru(μ-
O)Ru(H2O)(bpy)2]
4+. Reprinted with permission from M. D. Kärkäs, O. Verho, E. V. Johnston 
and B. Åkermark, Chem. Rev., 2014, 114, 11863-12001. Copyright (2014) American 
Chemical Society. 
Single-site cyclometalated iridium complexes were also reported by Bernhard and co-
workers as oxygen evolution catalysts with a TON of 2500 (Figure 1.5).38 The water 
oxidation performance of these Ir complexes were measured using Ce(IV) as a sacrificial 
oxidant. To improve the activity and robustness for water oxidation, Hull et al. reported 
another single-site iridium oxygen evolution catalyst with a more electron-donating 
pentamethylcyclopentadiene ligand.39 Normal N-heterocyclic carbene was also utilized to 
stabilize the iridium centers in the iridium oxygen evolution catalysts, due to his tightly 
binding to metal centers and stabilizing them at high-valent states.40 
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Figure 1.5: Molecular structures of the cyclometalated iridium complexes. Reprinted with 
permission from M. D. Kärkäs, O. Verho, E. V. Johnston and B. Åkermark, Chem. Rev., 2014, 
114, 11863-12001. Copyright (2014) American Chemical Society. 
In addition to ruthenium and iridium-based molecular oxygen evolution catalysts, earth-
abundant first-row transition metal-based artificial catalysts have also been intensively 
investigated. The first Mn-complexes, dimeric face-to-face manganese triphenylporphyrin 
complexes, were demonstrated as catalysts for electrochemical water oxidation in 1994.41 
Later, a dimeric complex [(H2O)(tpy)Mn(μ-O)2Mn(tpy)(OH2)]3+ were reported as the first 
manganese-based catalyst that is able to chemically drive water oxidation.42 Iron, as a low-
cost, environmentally benign and earth abundant element, has attracted intense research 
attention to develop it as oxygen evolution catalyst. The first high-valent iron complexes with 
tetraamido macrocyclic ligands were reported in 2010 for water oxidation catalysis.43 By a 
comprehensive study on a range of tetradentate and pentadentate iron complexes with 
different structures for water oxidation catalysis, it was found that all of the active complexes 
have two available coordination sites in a cis fashion, while the inactive ones had them 
oriented either in a trans fashion or only had one available coordination site.44 Copper 
bipyridine complex has also been reported as electrochemical water oxidation catalyst that 
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could self-assemble from its precursor in aqueous solutions.45 In 2011, a stable cobalt 
complex, [Co(2,6-(bis(bis-2-pyridyl)methoxy-methane)-pyridine)(OH2)]
2+, was demonstrated 
for electrochemical water oxidation by Wasylenko et al.46 Single-site cobalt porphyrin 
complexes were also found as active electrochemical water oxidation catalyst in neutral 
solutions.47  
To address the instability issue of the water oxidation catalysts containing organic ligand 
frameworks, polyoxometalates (POMs) consisting of noncarbonaceous (inorganic) ligands 
were developed.48, 49  POMs are polyanionic clusters containing oxygen and early 
transition metals such as V(V), W(VI), Nb(V), Mo(VI) and Ta(V) showing their highest 
oxidation states. Furthermore, POMs show good stability which is comparable to 
heterogeneous supports, whereas exhibiting molecular and highly soluble properties. 
Dinuclear ruthenium-based Na14[Ru
III
2Zn2(H2O)2(ZnW9O34)2] POM has been reported for 
electrochemical water oxidation.50 In addition, ruthenium POM also showed catalytic activity 
for light-induced water oxidation using a [Ru(bpy)3]
2+-type photosensitizer and persulfate 
as the sacrificial electron acceptor.51 Ir-based POMs have also been discovered.49 Later, 
cobalt-based [Co4(H2O)2(PW9O34)2]
10- was demonstrated as first-row transition metal-base 
POM.52 Manganese,53 molybdenum54 and nickel-based POMs55 were studied as active 
oxygen evolution catalysts as well. 
1.3.2 Solid state catalysts 
Currently a wide range of solid state materials are being investigated for both oxygen 
evolution and hydrogen evolution catalysis. These catalysts can be either utilized as 
electrocatalysts with an external photovoltaic device supplying the required potentials or as 
integrated photo-driven water oxidation catalysts. More relative details will be discussed in 
the following section of this introduction. 
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1.4 Solid state electrocatalysts 
The electrochemical water splitting involves two half-cell reactions – oxygen evolution 
reaction (OER) on the anode and hydrogen evolution reaction (HER) on the cathode. The 
OER is highly energy-demanding that requires extraction of four electrons from two water 
molecules along with the formation an O=O bond, while the OER can be efficiently catalyzed 
using Pt catalysts. The activation barriers of OER and HER, that impede the flow of current, 
result in the overpotential during water splitting process.  
1.4.1 Working principles 
1.4.1.1 Tafel –analysis of the rate determining step 
Rate determining step (RDS) exhibits the highest activation barrier and is considered as 
the “bottleneck” for OER. Tafel slopes-based kinetic analysis is commonly performed for 
determination of the RDS. Tafel slopes indicate the catalytic activity and are independent on 
surface area. Tafel slopes are the relation between logarithmic current (j) and overpotential 
(η), indicative of the increment of applied potential required to enhance the anodic current 
flow by an order of magnitude. The kinetics obtained from Tafel slope is derived based on 
the Butler-Volmer equation (Equation 1.6). 
                                                       j =  𝑗0[𝑒
(1−α)𝑛𝑒η
𝑘𝐵𝑇 −  𝑒
−α𝑛𝑒η
𝑘𝐵𝑇 ]                                            (1.6) 
where j is current, j0 is exchange current, α is the exchange coefficient, n is the number of 
electrons involved in the reaction, e if the electron charge, η is overpotential, kB is the 
Boltzmann constant and T is the absolute temperature. Notably, j0 is dependent on three 
parameters that are the initial concentrations of the oxidized and reduced species, the surface 
area of electrode and the kinetic rate constants of the anode or cathode reactions. 
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Equation 1.6 can be linearized at low overpotential, where η << kBT/ne, as shown below. 
                                                                     𝑗 ~ 
𝑛𝑒η
𝑘𝐵T
                                                              (1.7)      
At high overpotential, where η >> kBT/ne, the Butler-Volmer equation can be demonstrated 
in another linearized form (Equation 1.8).  
                                                              𝑙𝑛|𝑗| ~ 
(1−α)𝑛𝑒η
𝑘𝐵T
                          (1.8) 
This is the anodic branch of the Tafel plot. The cathodic branch of the Tafel plot is similar, as 
η << –kBT/ne.  
Tafel slopes determined experimentally can be categorized into two regimes: A tafel slope 
around 60 mV/decade usually indicates a one electrochemical pre-equilibrium step before 
RDS, while a Tafel slope of 120 mV/decade is consistent with a mechanism involving a rate-
limiting one-electron transfer, without kinetically relevant electrochemical pre-equilibria.56 
With respect to RDS, early study reported that the RDS involves the ligation of a hydroxide 
ion to the active metal surface site in alkaline media, thus increasing the oxidation state of the 
metal ion by one unit.57 Tafel-studies on perovskite catalysts demonstrated that the RDS 
involves desorption of –OH or another oxygenated species from the catalyst surface.58 Due to 
the complexity of the multi-electron transfer reaction accompanied with the rapid formation 
and further transformation of intermediate products, the exact mechanism of OER hasn’t 
been conclusively determined by classic kinetic studies. Dau et al. predicted that time-
resolved in situ molecular orbital studies could be able to address the issues of RDS.59 
1.4.1.2 pH-dependence: the Nernst equation 
Mechanistic analyses can be also performed using the pH-dependence of the onset 
potential for water oxidation.60 The Nernst equation (1.9 and 1.10) is crucial to characterize 
the pH-dependence of oxygen and hydrogen evolution processes: 
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                                                               𝐸 =  𝐸0 −  
𝑅𝑇
𝑛𝐹
𝑙𝑛
α𝑜𝑥
α𝑟𝑒𝑑
                                               (1.9) 
where E is the electrode potential, E0 is the standard electrode potential, R is the gas constant, 
T is the absolute temperature, n is the number of electrons involved in the redox reaction, F is 
the Faraday constant, αox is the activity of the oxidized species and αred is the activity of the 
reduced species. Usually, in dilute solutions, the concentration of the corresponding oxidized 
and reduced species equals to their activity, respectively. Therefore, αox = cox and αred = cred: 
                                                              𝐸 =  𝐸0 −  
0.059
𝑛
𝑙𝑛
c𝑜𝑥
c𝑟𝑒𝑑
                                           (1.10) 
The half-cell reactions, namely OER on anode and HER on cathode, have been discussed 
earlier as shown in Equation (1.2 and 1.3). During both OER and HER, same quantity of 
electrons and protons is involved in the corresponding half-cell reactions. Therefore, the 
Nernst equation for both reactions can be expressed in the following form: 
                                                              𝐸 =  𝐸0 − 0.059𝑝𝐻                                               (1.11) 
where E0 is 1.23 V vs. SHE for OER and 0 V vs. SHE for HER. When displayed as a 
Pourbaix diagram (E vs. pH), the slopes, indicative of thermodynamic decomposition 
potentials at a given pH, are 0.059 V/pH for both reactions.  
The Pourbaix diagram demonstrates the stability of electrochemical materials on an E vs. 
pH plane and is commonly utilized for corrosion studies.61 It can predict the stability of OER 
and HER catalysts compared to the stability of water. This is usually used to determine the 
pH and applied potentials range where the catalysts are thermodynamically stable for long-
term operation without disintegration.62 The Pourbaix diagram of manganese including the 
boundaries of the stability of water is shown in Figure 1.6. 
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Figure 1.6: Pourbaix diagram of manganese. Adapted from61 
The pH dependence of the onset potential for water oxidation reveals the number of 
protons involved in the RDS. As predicted from the Nernst equation, the derived plots with a 
slope of ca. 59 mV/decade involve equal numbers of protons and electrons, typically one 
proton and one electron; a slope of ca. 120 mV/decade indicates that the RDS involves two 
protons and one electrons; a 90 mV/decade slope demonstrated a three-proton and two-
electron process.63 
1.4.2 Hydrogen evolution electrocatalysts 
Although HER involving two one-electron transfer steps is mechanistically simpler to 
achieve than OER, efficient HER catalysts are still necessary to minimize the overpotential of 
the overall water splitting. Notably, platinum shows much better catalytic activity than most 
HER catalysts in both acidic and alkaline solutions (Figure 1.7).64 Its high activity is 
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attributed to the favorable hydrogen binding energy of platinum.65 Based on Sabatier’ 
principle, in the first step of hydrogen evolution, a proton binds to the active catalytic site: 
                                              𝐻+ + 𝑒− + (𝑐𝑎𝑡) → 𝐻 − (𝑐𝑎𝑡)                                            (1.12) 
In the second step, two absorbed hydrogen atoms combine and form hydrogen gas. Then the 
gaseous hydrogen is released from the surface of the catalyst: 
                                                 2𝐻 − (𝑐𝑎𝑡) → 𝐻2 + 2(𝑐𝑎𝑡)                                               (1.13)       
According to Sabatier’s principle, the catalyst is inefficient if the bonding of the substrate 
(protons for HER) to the catalytic site is too weak, due to the unstable intermediate species. 
However, if the bonding is too strong, efficiency will also decrease because the product 
(hydrogen for HER) release is slow and the catalyst surface will be blocked from binding 
new substrates. Therefore, an optimal catalyst should demonstrate an intermediate binding 
affinity towards the substrate. Platinum shows the optimum binding energy as a HER catalyst, 
however, its less earth-abundancy and high cost limit its large-scale application.  
 
Figure 1.7: Catalytic activity of various HER and OER catalysts in acidic and alkaline 
solutions. Reprinted with permission from C. C. L. McCrory, S. Jung, I. M. Ferrer, S. M. 
Chatman, J. C. Peters and T. F. Jaramillo, J. Am. Chem. Soc., 2015, 137, 4347-4357. 
Copyright (2015) American Chemical Society. 
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Recently, earth abundant metal-based sulfide and phosphide nanostructures have been 
developed as efficient HER catalysts. For example, electrodeposited cobalt sulfide was 
reported as an efficient and robust HER catalyst in pH 7 phosphate buffer.66 Later, mixed-
metal sulfide such as Ni0.33Co0.67S2 nanowires,
67 ternary sulfides of cobalt-tungsten and 
nickel-tungsten68 are demonstrated to efficiently catalyze HER. In addition, cobalt selenide is 
also investigated as HER catalyst in both alkaline and acidic conditions.69-72 Transition metal-
based phosphides such as FeP, CoP and Ni2P nanostructures were also reported as cost-
effective HER catalysts over a wide range of pH.73-76 
1.4.3 Oxygen evolution electrocatalysts 
OER is a highly energy-demanding step of water-splitting that requires extraction of four 
electrons from two water molecules along with the formation of an O=O bond. To date, its 
efficient catalysis requires precious metal such as Ir- and Ru-based compounds that are too 
scarce for large-scale production.77-79 Therefore, non-precious materials such as Co, Fe, and 
Ni have been extensively studied as alternative materials for water oxidation catalysis.80-82 
Recently, it has been pointed that homogeneous catalysts involving molecular complexes are 
not the actual catalysts but instead are acting as precursors to form metal oxides, which are 
the actual OER catalysts.22 By measuring and comparing the overpotential required to 
achieve a current density of 10 mA cm–2 per geometric area (corresponding to a ca. 10% 
solar-to-fuel conversion efficiency), Jaramillo and co-workers examined the OER activity of 
several metal oxides in acidic and alkaline solutions as shown in Figure 1.8: CoOx, CoPi, 
CoFeOx, NiOx, NiCeOx, NiCoOx, NiCuOx, NiFeOx, and NiLaOx.
83 It was found that every 
non-noble metal oxide achieved 10 mA cm–2 at similar overpotentials between 0.35 and 0.43 
V in alkaline solution. However, all oxides except IrOx were unstable as OER catalysts in 
acidic solution. 
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Figure 1.8: Overpotential required to achieve a current density of 10 mA cm–2 in 1 M NaOH 
aqueous solution for several heterogeneous electrocatalysts. Reprinted with permission from 
C. C. L. McCrory, S. Jung, J. C. Peters and T. F. Jaramillo, J. Am. Chem. Soc., 2013, 135, 
16977-16987. Copyright (2013) American Chemical Society. 
1.4.3.1 Nickel-based electrocatalysts 
Since late 1980s, nickel metal and its alloys have been reported for water oxidation in 
highly basic solution and at high temperature.84-86 It has been reported that nickel 
oxyhydroxides were the active catalytic species in nickel oxide for water oxidation.87 After 
the electrode is immersed in alkaline media, α-Ni(OH)2 forms which undergoes dehydration 
on ageing and produced an anhydrous β- Ni(OH)2 phase.88 Upon application of bias, the 
nickel hydroxide is oxidized to β- or γ-NiOOH. β-NiOOH consists of edge sharing NiO6 
octahedra with average oxidation state of Ni between 2.8 and 3.2. γ-NiOOH has layered 
structure with Ni in a higher oxidation state above 3.5 with alkali cations and water present in 
the interlayers.88 NiOOH is an efficient OER catalyst, although it remains debatable which 
phase (β or γ) is more catalytically active.22 
α-Ni(OH)2 nanocrystals were recently reported as a highly active and stable OER catalyst 
in alkaline media, which achieved a current density of 10 mA cm–2 at an overpotential of 331 
mV and a small Tafel slope of ~42 mV/decade.89 Its morphology is shown in Figure 1.9. 
34 
 
Catalytic activity of nickel oxide for OER was found to be significantly improved upon 
ageing in NaOH aqueous solution, due to the formation of β-NiOOH.90 However, the active 
species for OER may not be β-NiOOH, because this phase was converted into an unidentified 
oxide just before the onset of water oxidation. Later, Nocera and co-workers run in situ XAS 
of NiOx films and drew a conclusion that γ-NiOOH is the species mainly involved in the 
OER catalysis under the chosen experimental conditions.91 This was further confirmed by 
Singh et al. by investigation on highly active nickel oxide films derived from nickel(II) amine 
complexes.92  
 
Figure 1.9: Morphology of α-Ni(OH)2 hollow spheres as efficient OER catalysts. Reprinted 
with permission from M. Gao, W. Sheng, Z. Zhuang, Q. Fang, S. Gu, J. Jiang and Y. Yan, J. 
Am. Chem. Soc., 2014, 136, 7077-7084. Copyright (2014) American Chemical Society. 
Due to this phase transition from Ni or NiOx to NiOOH as efficient OER catalysts, both Ni 
metal and NiOx can be used for integration into photoanodes for solar-driven water oxidation. 
Thin films of NiOx coated n-type Si have been demonstrated by Wang and co-workers as 
efficient photoanodes in neutral solutions.93 Lewis’ group has reported Ni islands and 
transparent NiOx films as co-catalysts to stabilize the light-absorber underlayer such as GaP, 
GaAs and silicon.94, 95  
35 
 
Corrigan’s work started research into composite nickel oxide for water oxidation 
catalysis.96 Later, Corrigan’s findings were supported by Merrill et al: nickel iron composite 
synthesized from a mixture of NiCl2 and FeCl2 solution showed the best catalytic activity 
amongst a range of transition metal composites upon measurements in 1 M KOH 
electrolyte.97 Electrodeposited composite hydroxides of nickel with Fe, Co, Mn, Cr and Cu 
were also investigated by Li et al in alkaline aqueous solutions.98 Mn and Cu doped nickel 
hydroxide demonstrated lower catalytic activity compared to bare Ni(OH)2, while Cr and Co 
doping slightly improved the performance. However, the highest activity was obtained for the 
Fe/Ni(OH)2 sample with 10% iron. 
Due to the excellent OER catalytic activity of iron nickel composites, they have been 
extensively investigated based on different synthesis methods. Ultrathin nickel-iron layered 
double hydroxide nanoplates on oxidized multiwalled carbon nanotubes is reported as highly 
active catalysts for OER, indicative of higher electrocatalytic activity than commercial 
precious metal Ir in alkaline solutions.99 Layered FeNi double hydroxide combined with 
graphene oxides showed an overpotential of 0.195 V at a current density of 10 mA cm–2 and 
turnover frequency of 1 s–1 at the overpotential of 0.3 V.100 Muller and co-workers also 
reported Ni-Fe layered double hydroxides with intercalated nitrate and water, 
[Ni1−xFex(OH)2](NO3)y(OH)x−y·nH2O, synthesized by pulsed-laser ablation in liquids as 
efficient OER catalysts.101 Addition of Ti4+ and La3+ ions could further enhance their catalytic 
activity, with a lowest overpotential of 260 mV at 10 mA cm–2. Other hydroxides such as 
NiCo double hydroxides on N-doped graphene hydrogels were also found to be superior 
electrocatalysts for OER with favorable electrode kinetics and great durability.102  
It has been argued that water oxidation operated at lower current density could be more 
energy efficient. This could lead to less vigorous bubble formation resulting in smaller Ohmic 
losses through the fuel cell.103 Nocera’s group deposited “Ni-Bi” film that can be used for 
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OER under more benign conditions (pH 9.2). The current density was 1.3 mA cm–2 at 1.3 V 
vs. SHE and the Tafel slope was 58 mV/decade. Spiccia and co-workers deposited nickel 
oxide from two different molecular complexes in borate buffers at pH 9.2. The optimum 
NiOx films reached a current density of 1.8 mA cm
–2 at 1.1 V vs. Ag/AgCl with the Tafel 
slopes of 104-105 mV/decade.92 This better performance than Ni-Bi is mainly due to their 
large electrochemically active surface area with particle size of 300-350 nm. 
1.4.3.2 Manganese-based electrocatalysts 
Manganese-based compounds have shown considerable potential as OER catalysts.104 
Manganese is earth-abundant, inexpensive and environmentally friendly. It is utilized in the 
Mn4CaO5(H2O)4 oxygen evolving centers of the photosystem II (PS-II),
105 and in energy 
conversion and storage technologies such as metal-air batteries, fuel cells and electrolysers.106 
Several Mn-compounds have demonstrated high activity for both oxygen evolution and 
oxygen reduction reactions107 and self-healing manganese oxides are considered for 
development of robust and efficient catalyst systems.24, 25, 108, 109  
Optimizing the water oxidation activity of manganese oxide compounds as well as 
establishing scalable synthetic routes is currently focus of extensive research.107, 110, 111 Active 
manganese oxide-based catalysts have been reported throughout an extensive number of 
crystalline and amorphous structures varying in composition and oxidation states. For 
example, doped K(I), Cd(II), Mg(II) layered manganese oxides112 as well as MnOx 
nanostructures obtained by partial oxidation (corrosion) of MnO particles113 have all 
demonstrated high activity for the OER. However, the catalytic mechanism and nature of the 
most active manganese oxide sites, as well as optimal surface composition and oxidation state 
have not yet been identified. This is particularly challenging due to the large number of Mn-
polymorphs, and impact of the synthetic route on the surface composition, specific surface 
area (SSA), and morphology. 
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The PS-II is a highly complex system involving Mn4CaO5 surrounded by 20 protein 
subunits.114 The atomic structure of the water oxidation catalyst in PS-II has been recently 
reported by Shen and co-workers, as shown in Figure 1.10.105 
 
Figure 1.10: Atomic structure of the water oxidation catalyst in PS-II by a femtosecond X-ray 
free electron laser. Mn–O, Ca–O, Mn–water and Ca–water distances are shown in Angstroms. 
(Reprinted with permission from M. Suga, F. Akita, K. Hirata, G. Ueno, H. Murakami, Y. 
Nakajima, T. Shimizu, K. Yamashita, M. Yamamoto, H. Ago and J.-R. Shen, Nature, 2015, 
517, 99-103. Copyright (2015) Nature Publishing Group.) 
The turnover frequency of PS-II water oxidation catalyst is usually 100-400 s–1 in living 
microorganisms.115 A di-μ-oxo-tetrakis-(2,2’-bipyridine) dimanganese complex was first 
reported as a functional model of the “loosely bound pool of manganese” multi-centered 
catalyst in PS-II.116 Later, cubane complex is reported to catalyze water oxidation in proton-
conducting Nafion membrane.117 However, it was later found that the cubane complex broke 
down to form manganese oxide nanoclusters.25 These MnOx clusters in Nafion were active to 
catalyze water oxidation and their performance was improved upon illumination.24 
It has been discovered that the catalytic activity of manganese oxides was significantly 
dependent on pH value (it didn’t follow the Nernst equation). As reported by Takashima et al. 
for δ-MnO2, a high onset potential of 0.6 V for OER was observed from pH 4 to pH 8. And 
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the potential decreased significantly when pH is above 8, approaching 0.34 V at pH 13. 
Interestingly, an increase in the light absorption was observed due to the presence of Mn3+, 
resulting in higher OER catalytic activity.118 It was concluded that the stability of surface 
Mn3+ ions were crucial to the catalytic activity. In acidic/neutral solutions, Mn3+ ions were 
unstable relative to the disproportionation into Mn2+ and Mn4+, resulting in the high onset 
potentials for OER. At high pH, Mn3+ ions are stabilized by a comproportionation reaction 
instead of disproportionation reaction. The proposed catalytic mechanisms are shown in 
Figure 1.11. 118 
 
Figure 1.11: pH dependent catalytic mechanisms of δ-MnO2 at (a) pH 4-8 and (b) pH ≥ 9. 
Reprinted with permission from T. Takashima, K. Hashimoto and R. Nakamura, J. Am. Chem. 
Soc., 2012, 134, 1519-1527. Copyright (2012) American Chemical Society. 
There are more than 20 manganese oxide polymorphs. Their multivalent nature and 
nonstoichiometric composition make it more challenging to identify the most active catalytic 
sites for water oxidation.119 It is believed that the catalytic activities of MnOx are related to 
their chemical compositions, crystallographic structures, morphologies and pore 
structures.120-122 Dismukes and co-workers have synthesized eight nanocrystalline manganese 
oxides (Mn2O3, Mn3O4, α-MnO2, δ-MnO2, β-MnO2, λ-MnO2, R-MnO2 and LiMn2O4) as 
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shown in Figure 1.12 and compared their catalytic activity for OER using photo-sensitizer 
[Ru(bpy)3]
2+.119 It was found that specific surface area-normalized catalytic activities 
decreased in the series Mn2O3 > Mn3O4 >> λ-MnO2. Mn2O3 and Mn3O4 both processed 
MnIII(d4) in edge-sharing octahedral with longer (Jahn-Teller distorted) Mn-O bonds than 
MnIV(d3).  It was hypothesized that MnIII-O in edge sharing octahedral at the surface are more 
catalytically active due to its weaker and more flexible bonds. With respect to MnO2, water 
oxidation catalysis was observed only if their lattice is weakened and made more flexible as 
in λ-MnO2.  
 
Figure 1.12: Polyhedral representation of the eight manganese oxides. (a) β-MnO2, (b) R-
MnO2, (c) α-MnO2, (d) δ-MnO2, (e) λ-MnO2, (f) LiMn2O4, (g) Mn2O3, (h) Mn3O4. The light, 
dark, and black polyhedra represent Mn2+ tetrahedra, Mn3+ and Mn4+ octahedra, and Li1+ 
tetrahedra, respectively. Black spheres represent K+ ions. Reprinted with permission from D. 
M. Robinson, Y. B. Go, M. Mui, G. Gardner, Z. Zhang, D. Mastrogiovanni, E. Garfunkel, J. 
Li, M. Greenblatt and G. C. Dismukes, J. Am. Chem. Soc., 2013, 135, 3494-3501. Copyright 
(2013) American Chemical Society. 
Later electrochemical measurements conducted by Suib and co-workers showed that the 
catalytic activities of MnOx were also strongly related to the crystallographic structures and 
followed an order of α-MnO2 > amorphous manganese oxide > β-MnO2 > δ-MnO2. They 
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attributed the superior OER activity of α-MnO2 to the abundant di-μ-oxo bridges as the 
protonation sites, the mixed valencies and the low charge transfer resistances.123 It is worth 
noting that these results are different from previous ones. This discrepancy was later 
investigated and explained by Pokhrel et al.124 They found that identity of the “best” MnOx-
based OER catalysts changed, depending on the evaluation methods ranging from the use of a 
chemical oxidant Ce4+, photoactive mediators [Ru(bpy)3]
2+ or electrochemical techniques 
(Figure 1.13). The relative activity of different catalysts is not an intrinsic property of the 
materials. This discovery makes it even more challenging to idendify the optimal MnOx 
catalyst and the most active catalytic sites. 
 
Figure 1.13: Three methods routinely used in evaluating water oxidation activities of 
homogeneous and heterogeneous catalysts illustrated here with manganese oxide (MnOx) 
catalysts: (A) chemical oxidation using CAN; (B) photochemical oxidation using 
[Ru(bpy)3]2+, S2O8
2−, and light; and (C) electrochemical oxidation. Reprinted with permission 
from R. Pokhrel, M. K. Goetz, S. E. Shaner, X. Wu and S. S. Stahl, J. Am. Chem. Soc., 2015, 
137, 8384-8387. Copyright (2015) American Chemical Society. 
Moreover, a simple, versatile and scalable deposition method of manganese oxide is also 
very important for commercial application. Catalysts produced by electrodeposition shown 
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high turnovers, however, it is relatively time-consuming and energy-intensive. In addition, 
the conditions for electrodeposition need to be carefully chosen for each type of catalyst.125, 
126 Other synthesis techniques, such as sol-gel, screen-printing, drop-casting and 
hydrothermal methods, are slow and not always tunable enough to make large scale 
production viable.127, 128 Spray pyrolysis is a promising alternative, as synthesis rate up to 1.1 
kgh-1 of nanocatalysts has already been demonstrated by lab-scale flame spray pyrolysis 
prototypes.129  
1.4.3.3 Cobalt-based electrocatalysts 
Cobalt-based materials are also promising water oxidation catalysts with decent activity 
and therefore have attracted considerable attention.130 Cobalt phosphate (Co-Pi) was first 
reported by Nocera and co-workers, which is electrodeposited on ITO substrate from a 
phosphate-buffered solution containing Co2+ ions.131 The deposited Co-Pi was able to 
catalyze water oxidation under a neutral pH with a moderate overpotential. Spinel Co3O4 with 
Co2+ at the tetrahedral sites and Co3+ at the octahedral sites is also an efficient catalyst for 
OER. During cyclic voltammetry in basic solutions, the surface of Co3O4 is partially oxidized 
to a CoOOH phase at the rest potential, and by further increasing the applied voltage, a 
CoOOH/CoO2 redox couple appears before the onset of OER.
132 It has also been proposed 
that the presence of Co(IV) may be essential to catalyze oxygen evolution.56 Cobalt-based 
nanostructures with high surface area are favorable for catalysis due to more active catalytic 
sites on the surface. The surface-to-volume ratio is crucial for heterogeneous catalysts 
because the catalytic reaction only happens on the surface of the catalysts. For instance, a 100 
nm particle has ca. 1% surface atoms, whereas particles with the size of 10 and 1 nm have 
around 10% and 90% surface atoms, respectively.130 Esswein et al. have reported the relation 
between OER activity of Co3O4 nanoparticles and their sizes.
133 The electrochemical 
measurements of Co3O4 nanoparticles in size of 6, 21 and 47 nm on Ni foam were performed 
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in 1 M KOH electrolyte. It was found that the overpotential decreased by 50 mV at the 
current density of 10 mA cm–2 as surface area increased by 1 order of magnitude (Figure 
1.14). Later on, the influence of oxidation states and crystal structures on the OER catalytic 
activity of cobalt-based nanoparticles was investigated by Tilley and co-workers.134 In this 
work, Co3O4, CoO and ε-Co in size of ~10 nm showed very similar catalytic activities after 
20 consecutive scans under basic conditions. This was due to their similar particle size, 
surface species and reaction mechanisms.  
 
Figure 1.14: TEM images of cubic Co3O4 nanoparticles with average sizes of (a) 6, (b) 21, (c) 
47 nm. (d) Polarization activities for Co3O4 nanoparticles loaded Ni foam in 1.0 M KOH 
electrolyte. Scan rate: 1 mV s–1. Ni foam area: 1 cm2. Catalyst loading: 1 mg cm–2. Reprinted 
with permission from A. J. Esswein, M. J. McMurdo, P. N. Ross, A. T. Bell and T. D. Tilley, J. 
Phys. Chem. C, 2009, 113, 15068-15072. Copyright (2009) American Chemical Society. 
Furthermore, cobalt oxide nanoparticle/carbon composites have shown improved OER 
catalytic activity compared to bare cobalt oxides. Co3O4 nanocrystals grown on oxidized 
graphene oxide sheets achieved a current density of 10 mA cm–2 at overpotential of  ~0.33V 
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with very stable electrocatalytic activity.135 An enhancement in OER activity was also 
observed by Wu et al. using Co3O4 and single-walled carbon nanotubes hybrid catalysts in 
both neutral and alkaline solution.136   
Cobalt-based alloy or composite catalysts were also investigated for OER in alkaline 
conditions. Co3O4 nanocatalysts doped with Fe, W, Mo and Ni showed similar catalytic 
activity to pure Co3O4 even though the current densities at higher voltages were slightly 
different. However, Co3O4-CuCo2O4 demonstrated a much lower onset potential for OER and 
a higher current density. The optimum CuxCoyO4 (y/x = 8) achieved a current density of 10 
mA cm–2 at an overpotential of 391 mV in 1M KOH solution.137 Iron-incorporated Co3O4 
with an atomic ratio of 64, 32 and 16 (Co/Fe) also showed enhanced OER activities 
compared to pure Co3O4. And this enhancement was tentatively attributed to the textural 
parameters, crystal and/or electronic structures of those doped materials.138 Amorphous metal 
oxide films Fe40Co40Ni20Ox prepared by photochemical metal−organic deposition showed a 
comparable OER catalytic activity to noble metal oxides.82  
1.5 Photoelectrocatalysts 
Direct solar-driven water splitting at the surface of semiconductors could provide a simple 
and economic solution to hydrogen production. This concept was first brought up by 
Fujishima and Honda in 1972.139 In this work, a wide-bandgap semiconductor TiO2 was 
utilized to demonstrate overall solar water splitting. However, direct photolysis cells also 
have some issues that need to be addressed, such as decomposition of the semiconductor in 
aqueous media or recombination at the semiconductor-liquid junction. Efficiency, stability 
and scalability are the three key system requirements for a viable integrated solar-driven 
water splitting system. Moreover, constrains also lie in physically integrating components 
into function water splitting assemblies. For instance, when the most efficient catalysts were 
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deposited on the most efficient light absorbers, it do not guarantee the most efficient 
composite photoelectrodes.140 Recently, both solar absorbers and catalysts have been 
extensively investigated to gain a better understanding of the system. 
1.5.1 Basic concepts 
1.5.1.1 Energy bands of semiconductors 
Proper semiconductor as the main component of photoelectrochemical cell is able to 
convert incident photons to electron-hole pairs. Due to the presence of an electric field inside 
the semiconductor, the generated electrons and holes are then separated from each other. The 
electrons are transferred toward the conducting back-contact, and reach the counter-electrode 
via an external wire. On the surface of the cathode, hydrogen gas is generated due to the 
reduction of water by the electrons. While at the same time, the photogenerated holes 
transport toward the semiconductor/electrolyte interface for water oxidation to form oxygen 
gas. 
Electronic properties of a material is usually determined by the energy levels of the 
highest occupied and the lowest unoccupied orbitals. The highest occupied orbital is called 
“valence band”, while the lowest unoccupied orbital is referred to as conduction band.141 
Bandgap is the energy difference between the upper edge of the valence band and the lower 
edge of the conduction band. When the valence and conduction bands overlap, charge 
carriers can easily transport from one the other. This is the case for conductors. With respect 
to insulators or dielectrics, their bandgap is so wide (usually above 3.5 eV) that the electrons 
cannot move between the two distinct bands upon receiving enough external 
stimulus/excitation. However, in semiconductors with a relatively narrow bandgap, the 
electrons can be excited from the valence band to the conduction band. The excitation for 
intrinsic semiconductors includes optical, thermal or electrical methods. The conductivity 
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will be thus increased by partial occupation of the conduction band with mobile electrons, 
and also by the mobile vacancies, or holes generated simultaneously in the valence band. 
The Fermi level is an important characteristic of semiconductors. It indicates the energy 
level where the probability of occupation by an electron is ½. As shown in Figure 1.15, the 
Fermi level of intrinsic semiconductors lies at the center between the conduction and valence 
bands. The Fermi level of p-type semiconductors lies beside the conduction band and for n-
type semiconductors, the valence band. 
 
Figure 1.15: Band diagrams of (A) intrinsic, (B) n-type and (C) p-type semiconductors. EC 
denotes the energy level of the conduction band and EV the valence band. EF is the Fermi 
level. 
1.5.1.2 Electrochemistry at the liquid-semiconductor junction 
When the redox potential (determined by the Fermi level) of a semiconductor equals to the 
redox potential of the electrode, an equilibrium is established between the semiconductor and 
the electrolyte. To establish this equilibrium, charge carriers will transport between the 
semiconductor and the electrolyte, leading to an excess charge on the semiconductor. This 
excess charge exists on the surface and inside the bulk of the semiconductor. This charged 
layer, namely the space charge layer, creates an additional double layer with its associated 
electric field as the interfacial double layer between the semiconductor and the electrolyte. As 
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the redox potential (Fermi level) of an n-type semiconductor is usually more negative than 
that of the electrolyte, electrons will move towards the electrolyte. On the contrary, electrons 
in the p-type semiconductors with more positive Fermi level will attract electrons from the 
electrolyte. The space charge layer is referred to as the depletion layer where the main charge 
carriers have been removed. 
 
Figure 1.16: The influence of the applied potential on the band edges of n-type and p-type 
semiconductor electrodes. E is the applied potential and EFB is the flatband potential. The 
electrolyte in each case is on the right of the dashed vertical line, and the bulk of the 
semiconductor electrode on the left. 
The band edges will shift in the bulk of the semiconductor if external potential is applied 
on the semiconductor electrode in an electrochemical cell. However, the band edges and 
Fermi level at the semiconductor/electrolyte junction remain consistent with the redox 
potential of the electrolyte. Band bending can be induced by changing the applied potential. 
At a certain potential (referred to as flatband potential) the Fermi level and the electrolyte 
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redox potential are the same, therefore there is no net charge transfer as well as band bending. 
When a potential above the flatband potential is applied, a depletion layer forms at the 
surface of an n-type semiconductor electrode and an accumulation layer at a p-type electrode. 
This is attributed to positive charges that induce an excess of holes into valence band of the 
p-type materials. In contrast, a potential below the flatband potential will lead to depletion in 
a p-type and accumulation of electrons in n-type electrodes (Figure 1.16).  
The semiconductor electrode can function like metallic electrode due to the charge 
accumulation. An n-type electrode can function as a dark cathode due to the accumulation of 
electrons on the surface. Under depletion conditions, the electric flow is blocked due to the 
lack of charge carriers in the space charge layer. Upon illumination, electrons can be 
promoted to the conduction band by photons with high energy. The excited electrons quickly 
recombine with holes in the bulk of the semiconductor. Upon illumination of the space 
charge layer, the band bending will lead to separation of the charges. Under depletion 
conditions in an n-type semiconductor, holes move towards the surface at a lower potential 
than the bulk. As holes are powerful oxidants, the n-type semiconductors usually function as 
photoanodes. Based on a similar concept, upon illumination of a p-type semiconductor under 
depletion conditions, electrons move towards the surface to compensate for its positive 
charge, resulting in its function as a photocathode. However, in the dark, a p-type material 
would function as an anode due to the accumulation of holes in the space charge layer. 
1.5.1.3 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) is a useful tool to investigate the properties 
of a semiconductor material. In particular, Mott-Schottky analysis can be utilized to 
determine the flatband potential at the semiconductor/electrolyte junction, the charge carrier 
density and the depth of the space charge layer.142 The potential at the semiconductor 
electrode (E)/electrolyte junction is related to two parameters–the potential difference across 
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the Helmholtz double layer (EH) and the potential difference between the bulk and surface 
states of the semiconductor (ESC). The capacitance of the Helmholtz double layer (CH) and 
the capacitance of the space charge layer (CSC) can be used to interpret the capacitance of the 
semiconductor/electrolyte interface (C):  
                                                                
1
𝐶
=  
1
𝐶𝐻
+  
1
𝐶𝑆𝐶
                                                       (1.14) 
Usually, CSC << CH. Assuming that there is only one ionized donor state for a band model, 
the potential of the Helmholtz double layer will be constant. Under these conditions, the 
Mott-Schottky equation can be used to calculate the flatband potential and charge carrier 
density: 
                                                     
1
𝐶𝑆𝐶
2 =  
2
𝑒εε0𝐴2𝑁𝐷
[𝐸 − 𝐸𝐹𝐵 −
𝑘𝐵𝑇
𝑒
]                                     (1.15) 
where e is the electronic charge, A is the interfacial area, ND the number of donors, E the 
applied voltage at the electrode, EFB is the flatband potential and kB is the Boltzmann constant, 
T the absolute temperature. Therefore, a plot of 1/C2 against E should yield a straight line 
with a positive slope for n-type and a negative slope for p-type semiconductors. EFB can be 
determined from the intercept on the E-axis.  
However, the assumption that CSC << CH may not be valid at high doping levels. In this 
case the Mott-Schottky plots are still linear, but the intercepts on the E-axis will be shifted. 
Non-linear relationship will occur when there are more than one donor level is present (and 
the second deep lying donor level is not ionized at EFB), or, when the doping is 
inhomogeneous. The presence of surface states that affect EH can also result in deviations 
from linear Mott-Schottky plots. Moreover, it has been recently reported that different 
geometry of nanorods can lead to nonlinear behavior compared to planar electrodes.143 
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The slope of the linear fits of Mott-Schottky plots can be used to calculate the charge carrier 
density: 
                                                           𝑁𝐷 =
2
𝑒εε0
[𝑑(1/𝐶2)/𝑑𝐸]−1                                      (1.16) 
The depth of the space charge layer or the width of the depletion layer can be calculated by: 
                                                          𝑑 =  √(𝐸 −  𝐸𝐹𝐵)2𝑒εε0/𝑒𝑁𝐷                                    (1.17) 
1.5.2 Working principles 
Direct solar water splitting can be achieved, requiring a theoretical minimum bandgap of 
1.23 eV that corresponds to the energy of a 1000 nm photon.  However, in practice, much 
higher energy input (1.7-1.9 eV or the energy of a λ <730 nm photon) is required to 
overcome the activation barriers. Considering energy losses, the ideal bandgap of a single 
semiconductor utilized for water splitting lies between 1.9 and 3.5 eV. However, although 
there are numerous semiconductors with bandgaps in this range, only those can achiever 
overall water splitting on their own, with bandgaps straddle the potentials of 0 and 1.23 V vs. 
SHE. Practically, these potentials are closer to -0.2-0.1 V and 1.7-1.9 V, respectively, 
considering activation barriers. The working principle of water splitting using a 
semiconductor photocatalyst is shown in Figure 1.17.144 Upon excitation by photons with 
above-bandgap energy, the electrons are promoted to the conduction band. Later, the 
photogenerated electrons and holes are separated and transferred to the surface reaction sites. 
This process is usually accompanied by recombination that has negative impact on catalytic 
activity, resulting from, for example, defects in the crystal structure. Moreover, 
recombination can also be influenced by particle size. Smaller structures correspond to 
shorter charge carrier diffusion distance, which show lower probability of recombination.  
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Figure 1.17: Working principle of water splitting using semiconductor photocatalysts.  
The last step is the redox reaction on the surface of catalysts. Water splitting rate will be 
increased with more active surface sites and larger surface area. This has been achieved by 
the nanostructuring of the catalyst material. The number of active sites can be increased by 
the integration with a co-catalyst into the semiconductors. The main processes of 
photocatalytic water splitting are shown in Figure 1.18. 
 
Figure 1.18: Main processes in photocatalytic water splitting. Reproduced from Ref.144 with 
permission from The Royal Society of Chemistry. 
Besides TiO2, other semiconductor materials such as Cu2O, ZrO2, KTaO3, SrTiO3, CdS, 
Ta2O5, TaON, Ta3N5, GaN, ZnS and SiC can also sustain overall water splitting, as shown in 
Figure 1.19. However, their efficiencies are usually moderate. Although a maximum 
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theoretical efficiency under solar illumination (1 sun) for an ideal semiconductor was 
calculated to be 27.5%,145 photodecomposition potentials limit the practical use of these 
materials. To increase the resistance to the photo-induced corrosion (degradation or 
decomposition) under illumination is a critical topic for efficient water splitting photocathode 
and photoanode.146  
 
Figure 1.19: Calculated oxidation potential (red bars) and reduction potential (black bars) 
relative to the NHE and vacuum level for a series of semiconductors in solution at pH = 0, the 
ambient temperature 298.15 K and pressure 1 bar. The redox potentials (dashed lines) and the 
valence (green columns) and conduction (blue columns) band edge positions at pH = 0 are 
also plotted. Reprinted with permission from S. Chen and L.-W. Wang, Chem. Mater., 2012, 
24, 3659-3666. Copyright (2012) American Chemical Society.  
1.5.3 Hydrogen evolution photoelectrocatalysts (photocathode) 
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Photocathodes are typically p-type semiconductors with electrons as minority carriers. To 
successfully reduce protons to H2, the potential of the photocathode at the conduction band 
edge must be more negative than the hydrogen redox potential. The mechanism of the HER is 
dependent on pH value: at low pH, the HER involves the reduction of protons, whereas at 
high pH, water is primarily reduced to generate hydroxide ions.147 Both reactions are shown 
below. 
                                                                  2H+ + 2e– → H2                                                 (1.18) 
                                                            2H2O + 2e
– → H2 + 2OH–                                       (1.19)    
GaP nanowires were reported for solar-driven hydrogen production.148 The efficiency 
could be significantly increased after integration of Pt nanoparticles into the nanowire 
electrode. Indium phosphide with a bandgap of 1.35 eV has also been demonstrated for 
hydrogen evolution. InP nanopillar photocathode showed increased photocurrent densities 
compared to planar one.149 Incorporation of noble metals with InP such as rhodium or 
rhenium was also able to enhance its performance for hydrogen evolution.150 GaInP can also 
function as a photocathode with an applied bias due to its relatively narrow bandgap. Its 
stability can only be maintained while being tested in highly acidic electrolytes. CuGaSe2 
films with a bandgap of 1.65 eV exhibited very high photocurrents even though their band-
edge alignment is not ideal for photo-assisted water splitting.151 
Most recently, photocathodes made of earth abundant materials have been extensively 
investigated. P-type oxide Cu2O with a direct bandgap of 2 eV corresponds to a theoretical 
photocurrent of -14.7 mA cm–2 and a solar-to-fuel conversion efficiency of 18% based on the 
AM 1.5 spectrum. Its photocurrent and photostability were greatly improved by several 
overlayers produced by atomic layer deposition.152 Later, further enhanced hydrogen 
evolution performance was reported by Luo et al. using Cu2O nanowire photocathodes, 
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achieving a photocurrent density of 10 mA cm–2 at -0.3 V vs. RHE.153 Other metal oxide-
based photocathode materials include CaFe2O4,
154 metal-doped Fe2O3
155 and Rh-doped 
SrTiO3
156. In addition, a photocurrent of ~6.1 mA cm–2 at a large positive bias of 0.8 V vs 
RHE was achieved using amorphous Si thin film.157   
1.5.4 Oxygen evolution photoelectrocatalysts (photoanode) 
Photoanodes are typically n-type semiconductors with holes as minority carriers, which 
are powerful oxidants capable of extracting electrons from water. Considering the 
requirement of robustness under oxidizing conditions, most of the photoanode materials 
investigated are metal oxides or mental oxide anions, such as TiO2, SrTiO3, WO3, Fe2O3 and 
ZnO. For a n-type semiconductor, the disparity between the oxygen-centered valence band at 
~3.0 V and the OER potential at 1.23 V vs NHE presents a major challenge to achieve high-
performance photoanodes. Much of the excess ~1.77 eV absorbed by photoanode is wasted 
by thermal relaxation.5  
Recently, hydrogen treatment-induced oxygen vacancies significantly enhanced the solar-
to-fuel efficiency of TiO2 photoanodes due to the improved donor density by 3 orders of 
magnitudes.158 Enhancement based on similar mechanism through flame reduction-induced 
oxygen vacancies was also reported by Cho et al.159 Another wide bandgap n-type 
semiconductor ZnO has also been extensively investigated as photoanode for water splitting. 
Nitrogen doping could increase the photoresponse in the visible region compared to undoped 
ZnO nanowires produced at similar conditions.143 The photostability of ZnO was able to be 
significantly improved by a Ta2O5 overlayer prepared by atomic layer deposition.
160  
In addition, intrinsically stable hematite (α-Fe2O3) is an appealing photoanode material 
due to its proper bandgap of ~2 eV and a suitable valence band for water oxidation. 
Furthermore, iron as the fourth most common element in the earth’s crust, its oxide also has 
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the advantages such as earth-abundance, low-cost and environmentally benign property. The 
theoretical solar-to-fuel efficiency of a hematite photoanode can reach up to 16.8% that 
corresponds to a maximum photocurrent density of 12.6 mA cm–2 at 1.23 V vs. RHE under 1 
sun (100 mW cm–2), as shown in Figure 1.20.161 However, most current densities of hematite 
photoanodes reported so far are below 5 mA cm–2 at 1.23 V vs. RHE, albeit involving 
plasmon-induced photonic and energy-transfer enhancement by noble metals Pt, Au and 
Ag.162-165 The limited photocurrent densities are mainly attributed to its low electron mobility 
of ~10–2 cm2 V–1 s–1,161 short hole diffusion length of 2-4 nm compared to its light penetration 
depth (~120 nm),166 very short excited-state lifetime of ~10–12 s,161 and poor absorption 
coefficient (due to an indirect bandgap).161 It is agreed that morphological optimization of 
hematite photoanodes can significantly increase the water oxidation photocurrent density,161, 
167 as demonstrated by various hematite nanostructures such as nanowires,168 
nanodendrites,167, 169 nanotubes,170 and nanorods.171 In addition, underlayers and overlayers, 
serving individually as insulating and passivation layers, can shift the photocurrent onset 
negatively and increase the photocurrent plateau.169, 172, 173 Hematite structures have also been 
doped with single element such as Ti,174 Si,175 Mn,176 P,177 and Sn178, 179 or codoped with Ti, 
Zn180 and Sn, Zr181 to enhance the electron mobility. However, different mechanisms 
accounting for the enhancement were determined for the metal and non-metal dopants in 
hematite. Metal dopant such as Ti4+ have been reported as electron donor by substitutionally 
replacing Fe3+ and reducing Fe3+ to Fe2+.182 Same explanation, namely polaron hopping 
mechanism, was also proposed for intentionally induced Fe2+ by calcination of hematite in 
oxygen-deficient atmosphere facilitating the increased donor density and thus enhancement in 
photoactivity.183, 184 With respect to the non-metal dopants, strong covalent interaction 
between doping elements (e.g. Si and P) and O, which can avoid the formation of deep 
electron trapping sites from the addition of dopant, is believed to contribute to the superior 
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activity.177, 185 WO3 is also a promising candidate as photoanode material in water splitting, 
due to its chemical stability in acidic aqueous media (pH < 4) and an indirect bandgap of 2.5-
2.8 eV that can capture around 12% of the solar spectrum.186 The catalytic performance of 
WO3 could be improved by the addition of PtOx and another metal oxide co-catalyst such as 
MnOx, CoOx, RuO2 and IrO2.
187  
 
Figure 1.20: The two-part strategy for improving hematite performance is shown with respect 
to the photocurrent density, J, vs. voltage behavior for an idealized hematite photoanode 
(solid black trace) compared to the typical performance (solid grey trace) under AM 1.5G 
100 mW cm–2 simulated sunlight, and the expected effects of improving the surface 
chemistry and the morphology. Reprinted with permission from K. Sivula, F. Le Formal and 
M. Grätzel, ChemSusChem, 2011, 4, 432-449. Copyright (2011) WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim. 
Tantalum oxynitride TaON is a suitable photoanode/material for overall water splitting, 
due to its narrow bandgap of 2.5 eV with its conduction and valence band edges at suitable 
positions for water splitting (-0.3 and +2.2 V vs NHE, respectively). Its photoresponse and 
photostability have been greatly improved by incorporation of CoOx.
188, 189 
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Most recently, BiVO4-based photoanodes have demonstrated remarkable water oxidation 
performance. A BiVO4/FeOOH/NiOOH photoanode achieves a photocurrent density of 2.73 
mA cm–2 at 0.6 V vs RHE.190 A nanocone/Mo: BiVO4/Fe(Ni)OOH photoanode exhibits a 
high water splitting photocurrent of 5.82 mA cm–2 at 1.23 V vs RHE under 1 sun 
illumination.191 The bandgap of BiVO4 could be reduced by ~ 0.2 eV through simple 
annealing at 350 oC under nitrogen flow. This method was also able to increase the majority 
carrier density and mobility, enhancing electron-hole separation.192  
1.5.5 Z-scheme for water splitting 
 
Figure 1.21: Modular Z-scheme PEC system is illustrated (A) in which individual light 
absorber and catalyst components can be systematically improved before reintegrating into 
the overall system. The performance of typical PEC integrated systems suffers from 
insufficient photocathode voltage and photoanode current (B). Reprinted with permission 
from N. Kornienko, N. A. Gibson, H. Zhang, S. W. Eaton, Y. Yu, S. Aloni, S. R. Leone and P. 
Yang, ACS Nano, 2016, 10, 5525-5535. Copyright (2016) American Chemical Society. 
A Z-scheme method is considered as a promising strategy for photoelectrochemical water 
splitting. It simulates the photosynthetic systems in nature, consisting of a tandem dual 
absorber configuration, as shown in Figure 1.21.193 The two light absorbers can achieve 
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oxygen and hydrogen evolution reactions, respectively. Each light absorber is only required 
to possess appropriate band edge positions for the relevant HER or OER. The stability of 
each light absorber only needs to be achieved under the reducing or oxidizing conditions, 
respectively. The voltage required for water splitting (practically ~1.7 V) can be achieved by 
the combination of the two light absorbers. Another advantage is that the bandgap of each 
light absorber can be carefully selected to efficiently absorb separate region of the solar 
spectrum, resulting in a higher solar-to-fuel efficiency compared to single light absorber.193-
195 In a Z-scheme PEC cell, all components, including light absorber, catalyst, electrolyte and 
membrane, can be individually modified, optimized and then reintegrated to improve the 
whole system.193 The efficiency of an integrated PEC system can be calculated based on the 
crossover of overlaid current-voltage curves of the individual light absorber/catalyst 
photoelectrode.5 As shown in Figure 1.21B, the efficiency of commonly used photocathodes 
is limited by a lack of photovoltage, whereas the typical photoanode suffers from relatively 
low photocurrent.193 
Different Z-scheme models have been demonstrated for solar-driven water splitting. An 
initial solar-to-hydrogen conversion efficiency of ca. 0.5% was obtained by combination of a 
Cu2O photocathode and a BiVO4 photoanode. However, this efficiency can only be 
maintained within several minutes due to the detachment of the used Co-Pi catalyst.196 An 
unassisted solar water splitting efficient of 0.5% has been recently achieved using an InP 
nanowire photocathode and a nanoporous BiVO4 photoanode.
193 Jang et al. also reported an 
overall efficiency of 0.91% by integration of NiFeOx and TiO2/Pt overlayers into a hematite 
photoanode and Si photocathode, rescpecitvely.197 Most recently, to improve the electron 
transfer efficiency between hydrogen evolution and oxygen evolution photocatalysts, Wang 
et al. presented photocatalyst sheets based on La- and Rh-codoped SrTiO3 and Mo-doped 
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BiVO4 powders embedded into a gold layer. After annealing and surface modification, a 
solar-to-hydrogen conversion efficiency of 1.1% using pure water (pH 6.8) is achieved.198 
1.5.6 Perovskite solar cell and photoanode-integrated unassisted water splitting systems 
The class of inorganic-organic hybrid compounds (CH3NH3PbX3, X= I, Br, Cl) with 
perovskite structure have been discovered as excellent light absorbers for solar cells. Their 
advantages include easy fabrication process, narrow bandgaps, high extinction coefficients 
and high carrier mobility.199 During the past few years, solution processed CH3NH3PbI3 solar 
cells has reached efficiencies of up to 20%.200 Notably, the open circuit voltage of these 
perovskite solar cells are close to 1 V that are higher than conventional photovoltaic systems 
such as Si and CuInGaS/Se. Due to this high voltage, a single perovskite solar cell can be 
connected to a photoanode to achieve unassisted water splitting.  
Mathews and co-workers demonstrated a single CH3NH3PbI3 perovskite solar cell in 
tandem with a Fe2O3 photoanode with a solar-to-hydrogen conversion efficiency of 2.4%.
201 
An average solar-to-hydrogen efficiency of 4.3% (wired) and 3% (wireless) was achieved by 
combining in tandem a perovskite solar cell with a cobalt carbonate-catalyzed, 
extrinsic/intrinsic dual-doped BiVO4.
202 Most recently, Qiu et al. reported a solar-to-
hydrogen conversion efficiency of up to 6.2% using nanocone/Mo:BiVO4/Fe(Ni)OOH 
photoanode in tandem with a single perovskite solar cell.191 
However, it is worth noting that the perovskite solar cells usually suffer from poor 
chemical stability. Typically, they are susceptible to oxygen and moisture, UV light and the 
solution process (solvents, solutes and additives), and temperature.199 These issues limited 
their application in photovoltaic industry as well as the application for integrated solar-driven 
water splitting systems. 
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1.6 Summary and scope of thesis 
In the preceding sections, the working mechanisms of dark and photo-assisted electrode 
materials for water splitting are investigated. Previous research on different electrode 
materials with particular focus on solid-state water oxidation catalysts have been briefly 
introduced at the beginning of each chapter. The catalytic performance of both 
electrocatalysts and photocatalysts has been significantly improved over the last decades. 
Nano-structuring played a critical role in the enhancement of catalytic activity of practically 
all electrode materials.  
However, it remains challenging for the construction of an efficient, robust and relatively 
inexpensive water splitting device, which could be operated with no or very little external 
power input. To make the truly renewable hydrogen fuel widely available in the global 
market, the material, assembly and operational costs of water splitting devices have to be 
greatly reduced. The development of efficient catalysts needs to be achieved together with 
strict and consensual testing standards accepted by the water splitting community. 
The objective of this thesis is to investigate the catalytic performance of selected electro- 
and photo-catalyst nanostructures produced by simple synthesis methods such as flame spray 
pyrolysis, hydrothermal method and atomic layer deposition. Manganese oxides, which are 
earth-abundant and environmentally friendly, have significant potential as robust and 
efficient catalysts for water oxidation. In Chapter 2, three different types of manganese 
oxides, namely Mn3O4, Mn5O8 and Mn2O3, were synthesized and characterized to identify the 
active catalytic sites. Parameters of manganese oxides, such as specific surface area, 
oxidation states and crystal structures, together with their relation with catalytic activity, were 
investigated. Their catalytic performance was obtained with both sacrificial agent and 
electrochemical method. The synthesis method flame spray pyrolysis has proved to be an 
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extremely reliable for catalyst deposition. This scalable method allowed for the facile 
variation of particle size, film thickness and resulted in highly uniform morphology. In 
Chapter 3, more efficient and robust electrocatalysts Co3O4 nano-islands were developed. 
Their high transparency and catalytic activity enabled the underneath lighter absorbers to 
achieve higher solar-to-fuel efficiency and better photostability. In this chapter, the 
interaction between electrocatalysts and light absorbers was optimized and investigated for 
this type of integrated water splitting system. In Chapter 4, flame spray pyrolysis was utilized 
to produce initial iron oxide nanoparticulate films with negligible photoactivity. After both 
physically- and chemically-induced morphology tuning processes, namely capillary force-
induced self-assembly and chemically-induced dissociation and regrowth, the photocurrent 
for water splitting was drastically increased. To the best of my knowledge, this is the first 
report about capillary force-induced structural tuning method to enhance the water oxidation 
performance. This method changed the preferential orientation of hematite crystals, resulting 
in better conductivity of the hematite photoanode. Cobalt oxides as co-catalysts were also 
demonstrated in this chapter to further improve the water oxidation performance of hematite 
photoanode.  
The work in this thesis included a few testing protocols and analytical techniques that are 
commonly applied to elucidate the material properties, catalytic activity and mechanisms of 
water splitting catalysts. 
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Abstract 
Chemical energy storage by water splitting is a promising solution for the utilization of 
renewable energy in numerous currently impracticable needs, such as transportation and high 
temperature processing. Here, the synthesis of efficient ultra-fine Mn3O4 water oxidation 
catalysts with tuneable specific surface area is demonstrated by a scalable one-step flame-
synthesis process. The water oxidation performance of these novel flame-made structures is 
investigated against that of pure Mn2O3 and Mn5O8, obtained by post-sintering of as-prepared 
Mn3O4 (115 m
2g−1), and to that of commercial iso-structural polymorphs probing the effect of 
manganese oxidation state and synthetic route. The structural properties of the manganese 
oxide nanoparticles were investigated by XRD, FTIR, HR-TEM and XPS. It is found that 
these flame-made nanostructures have substantially higher activity reaching up to 350% 
higher surface-specific turnover frequency (0.07 μmol(O2) m−2 s−1) than commercial 
nanocrystals (0.02 μmol(O2) m−2 s−1), and production of up to 0.33 mmol(O2) mol(Mn)−1 s−1. 
Electrochemical characterization confirmed the high water oxidation activity of these 
catalysts with an initial current density of 10 mA cm-2 achieved with overpotentials between 
0.35 V and 0.50 V in 1 M NaOH electrolyte. 
 
86 
 
2.1 Introduction 
Solar, wind and, in general, electrical energy storage by synthesis of renewable carbon-
free fuels such as hydrogen has extensive industrial potential. Efficient large-scale production 
of hydrogen is hindered by the oxygen evolution reaction. This is the first, highly energy-
demanding step of water-splitting that requires extraction of four electrons from two water 
molecules along with the formation of an O=O bond. To date, its efficient catalysis requires 
precious metal such as Ir- and Ru-based compounds that are too scarce for large-scale 
production.1-3 
Non-precious materials such as Co, Fe, and Ni are currently investigated as alternative 
materials for water oxidation catalysis.4-6 Amongst those, manganese-based compounds have   
shown considerable potential.7 Manganese is earth-abundant, inexpensive and 
environmentally friendly. It is utilized in the Mn4CaO5(H2O)4 oxygen evolving centers of the 
photosystem II,8 and in energy conversion and storage technologies such as metal-air 
batteries, fuel cells and electrolysers.9 Several Mn-compounds have shown high activity for 
both oxygen evolution (OER) and oxygen reduction reactions (ORR)10 and self-healing 
manganese oxides are considered for development of robust and long-lasting catalyst 
systems.11-14  
Optimizing the water oxidation activity of manganese oxide compounds as well as 
establishing scalable synthetic routes is currently focus of extensive research.10, 15, 16 Active 
manganese oxide-based catalysts have been reported throughout an extensive number of 
crystalline and amorphous structures varying in composition and oxidation states. For 
example, doped K(I), Cd(II), Mg(II) layered manganese oxides17 as well as MnOy 
nanostructures obtained by partial oxidation (corrosion) of MnO particles18 have all 
demonstrated high activity for the OER. However, the catalytic mechanism and nature of the 
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most active manganese oxide sites, as well as optimal surface composition and oxidation state 
have not yet been identified. This is particularly challenging due to the large number of Mn-
polymorphs, and impact of the synthetic route on the surface composition, specific surface 
area (SSA), and morphology. 
Flame synthesis is a scalable, low-cost synthetic route currently utilized for the 
commercial production of many nanoparticle commodities such as fumed silica, carbon black, 
and TiO2 pigments.
19 Synthesis of up to 1.1 kgh-1 of nanocatalysts has already been 
demonstrated by lab-scale flame spray pyrolysis prototypes.20 In the last two decades, its 
synthetic potential has been expanded by the utilization of spray flames,21, 22 enabling 
synthesis and fine-tuning of complex metal oxide morphologies such as anatase TiO2,
23 
partially segregated Si:SnO2,
24 and tailored Sn1-xTixO2 solid solutions.
25 Recently, it has been 
applied to the one-step synthesis of tailored LiMn2O4 particles demonstrating potential for 
large-scale ultrafine manganese-oxide production.26 A major advantage is that flame-made 
primary particles are usually quasi-spherical, and crystal structure and size can be separately 
controlled by process parameters such as flame enthalpy,27 and dopants28, 29.  
Here, we present the first characterization of the water-oxidation activity of high-
temperature flame-made manganese oxide polymorphs. We investigate the structural 
properties and catalytic performance of nine quasi-spherical manganese oxides varying in 
crystal structure, specific surface area, and synthetic environment. We demonstrate the use of 
flame spray pyrolysis, to produce in one-step highly pure, spinel-like Mn3O4 (hausmannite) 
nanoparticles with controllable specific surface area. Dry post-processing conditions are 
identified to recrystallize the as-prepared Mn3O4 nanoparticles into pure layered Mn5O8 and 
bixbyite Mn2O3 while preserving similar quasi-spherical morphologies. The turnover 
frequencies (TOF) of these nanocrystalline catalysts, and commercial equivalents, are 
critically compared providing a first insight on the OER activity of high-temperature 
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synthesized nanocrystalline surfaces, and an assessment of the impact of three main structural 
parameters, namely specific surface area, crystal structure, and poly-crystallinity, on the 
oxygen evolution reaction. 
 
Figure 2.1. Optical image and schematic of one-step manganese oxide nanoparticle synthesis 
by flame spray pyrolysis of Mn-(acac)3 solutions. 
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2.2 Results and Discussion 
Manganese oxide nanoparticles were synthesized in one-step by flame spray pyrolysis of 
manganese (III) acetylacetonate solutions (Figure 2.1) and continuos filtration of the hot 
particle-laden aerosol. It was found that the effective Mn-atom concentration fed into the gas-
phase was the main parameter controlling the resulting particle size and specific surface area. 
This was separately adjusted from the production rate (Table 2.1) by varying the dispersion 
oxygen rate (Figure 2.1) at constant atomization pressure. Figure 2.4a shows the specific 
surface area (SSA) of the synthetic manganese oxide powders as a function of the fed gas-
phase Mn-concentration (F[Mn]gas) and atomization pressure (P). The SSA increased quasi-
linearly from 30 to 115 m2g−1 with decreasing F[Mn]gas from 1.16 to 0.3 mmolL
−1. Increasing 
the atomization pressure from 3 to 7 bar did not have significant impact on the resulting SSA 
indicanting effective precursor atomization and nanoparticle nucleation from a super-
saturated manganese oxide vapour30 (Figure 2.1). The drop in SSA with increasing fed gas-
phase concentration is attributed to the resulting increase in primary particle growth by 
condensation and Brownian coagulation as previously observed for SnO2.
31 
Table 2.1. FSP process parameters and as-prepared Mn3O4 properties. 
[Mn]gas 
(mmol/L) 
LR 
(ml/min) 
O2-P 
(L/min) 
P 
(bar) 
SSA 
(m2/g) 
dBET 
(nm) 
dXRD 
(nm) 
dTEM[a] 
(nm) 
0.3 3 5 5 115 11 12 12 
0.5 5 5 5 67 19 16 18 
0.7 7 5 7 76 16 16 17 
0.7 7 5 5 61 20 19 19 
1.16 7 3 3 30 42 22 27 
[Mn]gas: fed gas-phase Mn-concentration,  LR:  precursor feed rate,   
O2-P: dispersion O2, P: atomization pressure. 
[a] The calculation of dTEM is as shown in Figure 2.2. 
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Figure 2.2. TEM images and count size distribution of Mn3O4 nanoparticles by FSP as a 
function of the synthesis parameters: (a,b) SSA = 115 m2g–1, Mn3O4, dTEM = 12 nm, (c,d) 
SSA = 76 m2g–1, Mn3O4, dTEM = 17 nm, (e,f) SSA = 67 m
2g–1, Mn3O4, dTEM =18 nm, (g,h) 
SSA = 61 m2g–1, Mn3O4, dTEM =19 nm and (i,j) SSA = 30 m
2g–1, Mn3O4, dTEM = 27 nm. 
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Figure 2.4b-e shows the TEM images of the synthesized manganese oxide powders as a 
function of the Mn-concentration fed in the gas-phase and pressure drop. All the as-prepared 
manganese oxide powders (Figure 2.4b-e) showed a fractal-like structure made of partially 
sintered ultra-fine particles of few nanometers. The visible TEM primary particle size 
increased with increasing gas-phase fed Mn concentration showing an apparent agglomerate 
densification above 0.5 mmolL−1. Increasing the pressure drop from 5 to 7 bar at a 
concentration of 0.7 mmolL−1 (Figure 2.3) did not have any notable effect on the agglomerate 
and particle morphology further indicating a homogenous gas-phase nucleation synthetic 
route. The primary particle morphology was quasi-spherical with hexagonally- and square-
shaped structures matching well the Mn3O4 tetragonal crystal structure. EDX analysis 
revealed no measurable amount of Ni, Ru, Co and only trace concentrations of Fe (Figure 
2.5). Most importantly, these results demonstrate the scalable flame-synthesis of ultra-fine 
manganese oxide nano-powders composed of quasi-spherical agglomerated primary particles 
with controllable specific surface area (Figure 2.4) by the rapid and continuous combustion of 
Mn(acac)3 solutions (Figure 2.1). This enables a particle morphology-independent 
investigation of the water oxidation activity of manganese oxide as a function of crystal phase 
and sizes. 
 
Figure 2.3. TEM images of as-prepared Mn3O4 particles with a fed gas-phase Mn-
concentration of 0.7 mmol L–1 and an atomization pressure of 7 bar. 
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Figure 2.4. (a) Specific surface area (SSA) of the as-prepared manganese oxide powders as a 
function of the Mn concentration fed in the gas-phase for different atomization pressures (P). 
(b-e) Transmission electron microscope images of the as-prepared Mn3O4 nano-powders as a 
function of the Mn concentration fed in the gas-phase showing a consistent quasi-spherical 
particle morphology and a steadily increasing primary particle size. 
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Figure 2.5. EDX spectra of (a) blank TEM grid and (b-d) Mn3O4 nanoparticles on TEM 
grids measured three times. 
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Figure 2.6. Oxygen evolution profiles for as-prepared Mn3O4 nanoparticles before 
calcination at 250 oC (SSA = 115 m2g–1). The OER of Mn3O4 nanoparticles was tested for 
three different batches. 
X-ray diffraction analysis revealed that all the as-prepared powders (Figure 2.7) consisted 
of a spinel structure confirming a pure hausmannite Mn3O4 composition. Increasing the gas-
phase fed Mn concentration did not affect the XRD spectra but led to a continuous peak 
narrowing that indicates an increase in crystal size. FTIR analysis of the Mn3O4 samples 
confirmed these results showing three main absorption bands (Figure 2.8) located between 
400 and 650 cm−1. The spectrum is very similar to that reported by Driess et al.32 The peaks 
at 600 and 480 cm-1 most likely correspond to the coupled stretching modes Mn-O bonds 
located in tetrahedral and octahedral sites,33 these peaks are slightly red-shifted compared to 
those of larger particles as also observed for Mn2O3.
34, 35. A third peak at 410 cm−1 is 
attributed to the vibration of Mn3+-O species in octahedral sites of Mn3O4.
33 The broad and 
narrow absorption bands at 3400 cm−1 and 1650 cm−1 correspond, respectively, to the O-H 
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stretching and bending modes of adsorbed water. Some minor C-O related vibration modes 
were found at 1431 cm−1 and 1546 cm−1. These surface contaminants are attributed to post-
synthesis adsorption of airborne carbon containing molecules from the environment,36-39 
and/or pyrolysis and chemisorption of the liquid precursor. They were removed prior to water 
oxidation experiments by low-temperature calcination, as detailed in the experimental section. 
The TOF before low temperature calcination at 250 °C is lower than after calcination (Figure 
2.6). This is may be attributed to less of the manganese oxide surface being available for the 
OER due to the presence of surface-absorbed species. 
 
Figure 2.7. X-ray diffraction patterns of the as-prepared manganese oxide powders.  
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Figure 2.8. FTIR patterns of Mn3O4 nanoparticles with different synthesis parameters, (a) 
Mn3O4, SSA = 115 m
2 g–1, (b) Mn3O4, SSA = 76 m
2 g–1, (c) Mn3O4, SSA = 67 m
2 g–1, (d) 
Mn3O4, SSA = 61 m
2 g–1, and (e) Mn3O4, SSA = 30 m
2 g–1. 
Figure 2.9 shows the average crystal (dXRD, squares), TEM (dTEM, diamonds) and sauter 
mean diameters (dBET, circles) as a function of the Mn-concentration fed in the gas-phase and 
atomization pressure. Up to 0.7 mmolL−1, all diameters were within 2 nm linearly increasing 
from ca. 11 nm at 0.3 mmolL−1 to 18 nm. This indicates the formation of mostly 
monocrystalline primary particles and low inter-particle sintering. At a concentration of 1.16 
mmol L−1, the sauter diameter (Figure 2.9, circles) followed the same linear trend reaching 
nearly 43 nm. However, the dXRD and dTEM had a significantly smaller size of 22 and 27 nm, 
respectively. This suggests the formation of denser polycrystalline agglomerates, in line with 
the TEM analysis (Figure 2.4). This is attributed to the short flame residence time that is not 
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sufficient to fully recrystallize the sintered primary particles into a single domain. Similar 
trends were previously observed for flame-made SnO2 and Y2O3 nanoparticles.
31, 40  
 
Figure 2.9. Average as-prepared Mn3O4 particle diameters (dBET, dTEM, and dXRD) as a 
function of the Mn-concentration fed in the gas-phase.  
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Figure 2.10. (a) X-ray diffraction patterns of as-prepared Mn3O4, sintered flame-made 
particles at 350 °C in O2 and 500 °C in air, and commercial nanocrystalline Mn3O4 and 
Mn2O3. High-resolution transmission electron microscope images of the flame-made (b) 
Mn3O4, (c) Mn5O8, and (d) Mn2O3, and corresponding (e) FTIR spectra of the Mn-O 
vibrational frequencies. 
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To evaluate the water oxidation activity of similarly-shaped manganese polymorphs, the 
as-prepared Mn3O4 were post-processed in dry conditions. Oxidation of manganese was 
achieved by sintering the finest Mn3O4 powders (115 m
2g−1) in an oxygen atmosphere at 350 
oC. The resulting XRD spectra (Figure 2.10a, orange line) show a pure Mn5O8 compositional 
formula of Mn2
2+Mn3
4+O8
41-43 with a specific surface area of 78 m2g−1. This material is 
composed of two-dimensional octahedral sheets of [Mn3
4+O8]
4- consisting of Mn4+ ions 
separated by Mn2+ layers.43 Successful synthesis of pure Mn5O8 was further confirmed by 
HR-TEM analysis (Figure 2.10c) showing lattice plane spacing consistent to the unit cell of 
Mn5O8. FTIR analysis of these Mn5O8 powders (Figure 2.10e, orange line) revealed a 
fundamentally different structure from Mn3O4 (Figure 2.10e, green line) with two main and 
three minor vibration modes found at 603, 572, and 504, 449, 428 cm−1, respectively. This is 
slightly different from peaks of Mn5O8 reported by Gillot et al,
44 which again may be due to 
different nanoparticle size and lattice disorder.34, 35 The synthesis mechanism is in line with 
that previously proposed for Mn5O8.
42, 45 However, here it was found that independent of 
temperature ramping-rate pure Mn5O8 could be consistently obtained by sintering in highly 
pure oxygen atmosphere. 
Increasing the sintering temperature of the as-prepared Mn3O4 to 550 
oC and decreasing 
the oxygen content to 20% in N2 led to the formation of Mn2O3. The XRD analysis (Figure 
2.10a, red line) revealed a high pure bixbyite (α-Mn2O3) crystal structure and a notable 
narrowing of the diffraction peaks. This resulted in a crystal size of 22 nm, a dBET of 45 nm, 
and an SSA of 30 m2g−1. This is in line with the stronger sintering expected at 550 oC, and 
oxidation/reduction recrystallization dynamics. The HR-TEM analysis and FTIR spectra 
(Figure 2.10b-e, red line) further support the formation of pure Mn2O3, and a large increase in 
primary particle diameter. The presence of three peaks at ca. 478, 562 and 653 cm-1 and three 
smaller shoulders are comparable to those reported by Driess et al.32 These bands are 
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attributed to surface and bulk Mn-O vibrational modes.  Their position, and relative intensity 
depend on particle size and lattice disorder as observed by Chen et al..34, 35 Most importantly, 
all the manganese oxide polymorphs obtained here had a similar morphology, namely fractal-
like quasi-spherical agglomerated particles (Figure 2.11). This enabled a quasi-iso-
morphological comparison of the water-oxidation activity of different manganese oxide 
species with an oxygen-to-metal ratio ranging from 1.3 to 1.6, and very dissimilar crystal 
structures. 
 
Figure 2.11. TEM images of (a) Mn5O8 (SSA = 78 m
2 g–1) and (b) Mn2O3 (SSA = 30 m
2 g–1) 
nanoparticles. 
The performance of these flame-made manganese oxide nanocatalysts was assessed by 
measurement of their oxygen evolution rate against that of commercially available Mn3O4 
and Mn2O3 powders. X-ray diffraction analysis of the commercial powders (Figure 2.10a, 
black lines) revealed a nanocrystalline composition resulting in a dXRD of 55 nm and 36 nm, 
respectively. Nitrogen adsorption indicated a specific surface area of (Mn3O4) 0.84 and 
(Mn2O3) 1.53 m
2 g−1, resulting in a dBET of 1470 nm and 872 nm, respectively. These large 
grain sizes are commonly obtained by large-scale commercial production of manganese 
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oxides. The large spread between dXRD and dBET suggests polycrystalline grains. Here, CAN 
was used as electron acceptor instead of common photo-sensitizers such as [Ru(bpy)3]
2+ 
(Table 2.2) to avoid irradiation with visible light. It has been shown that the photo-catalytic 
activity of some manganese oxide species, water oxidation activity can be overestimated 
under light irradiation.14, 46 
Table 2.2. Water oxidation performance of manganese oxide nanocatalysts, and qualitative 
comparison with previous reports with CAN as electron acceptor. 
Catalysts 
TOF 
mmol(O2)mol(Mn)−1s−1 
SSA 
m2g−1 
TOF (surface) 
μmol(O2)m−2s−1 
Ref. 
FSP-made Mn3O4
[a]
 0.33 ± 0.008 115 0.037 ± 0.001 
This 
work 
FSP-made Mn3O4 0.14 ± 0.013 30 0.063 ± 0.006 
This 
work 
Mn2O3 0.17 ± 0.008 30 0.070 ± 0.003 
This 
work 
Mn5O8 0.19 ± 0.015 78 0.031 ± 0.002 
This 
work 
Commercial Mn3O4 0.0012 ± 0.0007 0.84 0.018 ± 0.01 
This 
work 
Commercial Mn2O3 0.0025 ± 0.001 1.53 0.020 ± 0.01 
This 
work 
Amorphous 
manganese oxides 
0.52 184 0.029[b] 47 
Mn2O3 0.027 16.6 0.021
[b] 48 
CaMn2O4·H2O 0.54 205 0.023
[b] 48 
[a] It was used for synthesis of Mn2O3 and Mn5O8.  [b] As computed from the mol-specific 
TOF and reported SSA. The TOFs were average of three measurements and the error bars 
were computed as standard deviations.  
Figure 2.12 shows the oxygen evolution rate of Mn3O4, Mn2O3, and Mn5O8 suspensions. 
For the first time, pure Mn5O8 was determined as an active crystal structure for water 
oxidation. Within the measurement time, all catalysts showed a quasi-linear increase in 
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oxygen content indicating a constant oxidation rate. The Mn3O4 powders (Figure 2.12, green 
line) had nearly twice as high activity than the Mn5O8 and Mn2O3 (Figure 2.12, orange and 
red lines). However, this was mainly due to the considerably higher SSA of the as-prepared 
Mn3O4 powders (Table 2.2). Comparison of the mole-specific turnover frequency (TOF) for 
similar SSA nanocatalysts showed a very similar activity for both Mn3O4 and Mn2O3 (Figure 
2.13, circles and triangle). In contrast, the mole-specific TOF of the Mn5O8 was ca. 30% 
lower (Figure 2.13a, square) than that of Mn3O4 with comparable SSA. 
 
Figure 2.12. Oxygen evolution profiles measured by a Clark electrode of the flame-made 
Mn3O4 (green line), Mn5O8 (orange line), and Mn2O3 (red line) with CAN as oxidant. The 
green, orange and red lines were all average of 3 measurements. 
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Figure 2.13.  (a) mole- and (b) surface-specific turnover frequency (TOF) of the flame-
prepared and commercial manganese oxide nanocrystalline powders.  The TOFs were 
average of three measurements and the error bars were computed as standard deviations. 
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Overall, the mole-specific TOF of the flame-made Mn3O4 increased quasi-linearly from 
0.14 to 0.33 mmol(O2) mol(Mn)
−1 s−1 with increasing SSA from 30 to 115 m2 g−1 (Figure 
2.13a, circles). However, their surface-specific TOF (Figure 2.13b, circles) decreased from 
0.063 to 0.037 μmol(O2) m−2 s−1 indicating that larger Mn3O4 grains have up to 68% higher 
surface-specific activity. A possible explanation is that the polycrystalline nature of the 
coarse Mn3O4 results in a higher density of grain boundaries, and defect/reaction sites. 
Furthermore, the highly agglomerated structure of the ultra-fine Mn3O4 may provide a 
shielding effect to the diffusion of the CAN molecules,49 and thus effectively slowing the 
TOF. The surface-specific TOF of the flame-made Mn2O3 and Mn3O4 having similar SSA 
was within 11.1% indicating a nearly identical performance. This is in contrast to previous 
reports showing a considerably stronger activity of Mn2O3 over Mn3O4.
50, 51 However, in 
those studies the morphology of these two polymorphs was considerably different with one 
being rod- and the other spherically-shaped. Here, we show that for similar nanocatalysts 
morphology and SSA the water oxidation performance of Mn2O3 and Mn3O4 is nearly 
identical, and Mn5O8 has a comparable activity. Although it is not possible to completely rule 
out that CAN may influence the oxidation states of Mn sites located on or near the 
nanoparticle surface, HR-TEM analysis and XRD (Figure 2.14) of the flame-prepared 
manganese oxides before and after water oxidation revealed no change in the crystal plane 
spacing and surface composition. This suggests that any variation of the catalyst composition 
is limited to a relatively small amount of sites on their surface and is in-line with the constant 
O2 evolution rates observed during the OERs (2 min), and previous reports on the CAN 
interaction with manganese oxide nanocrystals reporting visible changes only after period of 
hours.52 
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Figure 2.14. XRD patterns and HR-TEM images of Mn3O4, Mn5O8 and Mn2O3 nanoparticles 
before and after OER with CAN. 
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Figure 2.15. Mn 2p XPS spectra before and after testing of the oxygen evolution activity 
(with addition of CAN) of Mn3O4 with (a) the highest and (b) lowest SSA, and (c) Mn5O8 
nanoparticles. 
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Figure 2.16. High-resolution transmission electron microscope images of Mn3O4 (a) before 
and (b) after OER test, Mn5O8 (c) before and (d) after OER test and Mn2O3 (e) before and (f) 
after OER test. 
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Spiccia et al. have investigated the water oxidation activity of various manganese oxides 
formed in Nafion by electrodeposition from molecular Mn precursors and protic ionic liquid 
electrolyte solutions. The catalytic activity of the birnessite formed in the Nafion films13, 14 
was found to increase with the degree of nanoscale structural disorder53 and with increasing 
amounts of Mn(III)54. In addition, amongst the materials deposited from the ionic liquids, 
those containing Mn(III) were found to be more active.55, 56 This is in line with recent studies 
by Driess et al. that have emphasized the contribution of the Jahn-Teller effect, often 
encountered in octahedral complexes such as Mn(III)-containing Mn2O3 and Mn3O4, to the 
water oxidation activity of manganese oxides.57 However, nanostructured -MnO2, a Mn(IV) 
mineral, was also shown to have high water oxidation activity, even though no evidence for 
the presence of Mn(III) could be obtained.46 This suggests that other crystalline manganese 
oxide polymorphs such as Mn5O8 having a mixed Mn2(II) and Mn3(IV) valence may also 
efficiently catalyse the water oxidation reaction. 
Figure 2.15 shows XPS analysis of the highest and lowest SSA Mn3O4 and Mn5O8 
nanocatalysts before and after testing of the water oxidation activity with CAN. The Mn 2p 
spectra are difficult to evaluate quantitatively and here only a qualitative interpretation as 
been attempted.58 The Mn 2p XPS spectra for the highest and lowest SSA Mn3O4 are 
indiscernible (Figure 2.16). This suggests that the observed difference in surface-normalised 
TOF between the two samples may originate from morphological effects rather than chemical 
changes. The XPS Mn 2p spectra of the manganese oxides (Figure 2.15) show that 
contributions from lower oxidation states increases from Mn3O4 to Mn5O8. Considering that 
both Mn3O4 to Mn5O8 have a mixed-valence of Mn(II)Mn(III) and Mn(II)Mn(IV), 
respectively, this may suggest an higher contribution from Mn(II) in the flame-prepared 
Mn5O8. An increase in the contribution from higher binding energy states was observed 
following testing of the OER with CAN mainly for the Mn3O4 samples. This suggests that the 
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Mn3O4 particle surface may undergo oxidation during the OER. Some amount of surface 
oxidation is consistent with the increase in O/Mn ratio observed in all MnxOy nanoparticles 
after catalytic testing with CAN (Table 2.3). However, it should be noted that the increase in 
O/Mn ratio is not solely due to an increase in oxidation state of Mn. Additional O species 
were introduced into the sample in the form of nitrate and Ce oxides/hydroxide species 
during the EOR. An increase in N/Mn ratio and a relatively high Ce/Mn ratio was observed 
for all MnxOy nanoparticles after reaction with CAN and may be attributed to the 
physisorption of residual Ce species. The lower than expected N/Ce ratio, however, indicates 
that not all the Ce is in the form of nitrates, and that some Ce may be present as oxide or 
hydroxide species. Organic capping groups present on the surface of the MnxOy nanoparticles 
are another possible source of adventitious oxygen. Indeed, in all XPS samples, the C:Mn 
ratio is noticeably high, particularly for the Mn3O4 samples. 
Table 2.3. Atomic Ratio (X/Mn) based on Mn 2p. 
Element  
As-prepared 
Mn3O4 (115 m2 
g−1) 
CAN treated 
Mn3O4 (115 
m2 g−1) 
As-
prepared 
Mn3O4 
(30 m2 
g−1) 
CAN 
treated 
Mn3O4 
(30 m2 
g−1) 
As-
prepared 
Mn5O8 
CAN 
treated 
Mn5O8 
Mn 1.000 1.000 1.000 1.000 1.000 1.000 
O 1.457 2.320 1.401 2.311 1.227 1.826 
C 0.743 0.695 0.372 0.892 0.193 0.269 
N 0.006 0.091 0.029 0.106 0.012 0.059 
Ce 0 0.294 0 0.258 0 0.217 
 
Although the XPS analyses suggest surface oxidation of the Mn3O4 nanocatalysts on 
exposure to CAN (Figure 2.15), the constant XRD and HR-TEM analysis (Figure 2.14) 
indicates that this oxidation is confined to a very small (< 1 nm) depth from the particle 
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surface. In contrast, XPS, XRD and HR-TEM indicate that the surface of the Mn5O8 samples 
is nearly unchanged upon water oxidation in CAN. This is also in line with its ca. 30% lower 
surface-specific TOF. 
The slight oxidation of the Mn3O4 nanoparticle surface after OER with CAN, observed by 
XPS, suggests that partial oxidation of the manganese oxide surface may be required for 
efficient water oxidation with crystalline manganese oxides, and that the lower performance 
of Mn5O8 could arise from a more stable surface that is deficient in such oxidation sites. 
Furthermore, the indiscernible Mn 2p spectra of the lowest and highest SSA Mn3O4, obtained 
before and after catalytic testing with CAN (Figure 2.16), suggest that their different surface-
specific water oxidation TOFs may not be due to changes in chemical composition but to 
morphological factors. This is, here, tentatively attributed to the shielding effect of large 
agglomerates composed of ultra-fine primary particles59 that may result in a diffusion limited 
TOF. This phenomenon has also been observed in previous work by Spiccia et al. 13, 14, 46, 53 
Comparison of the mole-specific TOF of the flame-made manganese oxides with that of 
the commercial ones revealed (Figure 2.13a) up to nearly 30 times higher activity. 
Comparison of their surface-specific TOF (Figure 2.13b) confirmed an up to 350% higher 
activity for the flame-made structures. This may be attributed to the surface composition (e.g. 
defects, oxidation) of the high temperature flame-made nanocatalysts offering more active 
reaction sites. Their determination was outside the scope of this study and requires further 
investigation. The Mn3O4 and Mn2O3 presented here have among the best water oxidation 
activity reported for pure manganese oxide nanocatalysts tested in similar conditions with 
comparable CAN concentrations (Table 2.2). In particular, the highest surface-specific TOFs 
of 0.063 and 0.070 μmol(O2)m−2s−1 determined here for Mn3O4 and Mn2O3, respectively, are 
more than twice as high as those (0.029 μmol(O2)m−2s−1) reported for amorphous manganese 
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oxides.47 They are also more than 3 times higher than that (0.021 μmol(O2)m−2s−1) of sol-gel-
made crystalline Mn2O3 and (0.023 μmol(O2)m−2s−1) Ca-Mn compounds.48  
 
Figure 2.17. (a) Cyclic voltammogram (second cycle) and (b) Tafel slopes derived from the 
CV curves (anodic branches) of flame-made manganese oxide nanoparticulate films. 
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The voltammograms for the flame-made manganese oxide nanoparticulate films are 
shown in Figure 2.17a. The Mn2O3 films required a lower overpotential (0.41 ± 0.06 V, 30 
m2g−1) to reach a current density of 10 mA cm−2 than the high (0.48 ± 0.06 V, 115 m2g−1) and 
low SSA (0.51 ± 0.01 V, 30 m2g−1)  Mn3O4, and Mn5O8 (0.49 ± 0.01 V, 78 m
2g−1) films. The 
corresponding Tafel plots are shown in Figure 2.17b. The Tafel slopes follow the order of 
Mn2O3 (99 ± 2 mV dec
−1, 30 m2g−1) < Mn3O4 (107 ± 2 mV dec
−1, 30 m2g−1) < Mn5O8 (108 ± 
3 mV dec−1, 78 m2g−1) < Mn3O4 (121 ± 5 mV dec
−1, 115 m2g−1). The Tafel slopes were the 
average of four measurements (two measurements × two batches) and the error bars were 
computed as standard deviations. These Tafel slope values are essentially indicating a similar 
water oxidation mechanism. While there is some correlation between Tafel slopes and TOFs 
determined with CAN (e.g., Mn3O4 and Mn2O3 with same SSA show a comparable Tafel 
slope, similar TOFs when tested with CAN), the electrochemical results will be dependent on 
parameters such as film thickness, morphology, electronic conductivity of the catalyst, the 
electrolyte and even post-calcination temperature, and so on. They are, therefore, not directly 
comparable with OER tests using oxidants such as CAN or [Ru(bpy)3]
3+, as has been clearly 
demonstrated by Suib et al.60 The stability of the manganese oxide films during the OER was 
tested at 0.7 V (vs. Ag/AgCl) in 1 M NaOH over a 10 hours period (Figure 2.18). The current 
density of all the manganese oxides decreased over time leveling off at 17%, 8%, 12%, 6.5% 
of the initial value for the Mn3O4 (30 m
2g−1), Mn3O4 (115 m
2g−1), Mn5O8 and Mn2O3, 
respectively. This behavior suggests partial deactivation of their surface, as previously 
reported for many manganese oxide polymorphs.61 High-resolution TEM images of the 
manganese oxide nanoparticles after controlled potential electrolysis (Figure 2.19) reveal no 
visible change of the nanoparticle morphology. Therefore, the partial deactivation of the 
flame-made manganese oxides is tentatively attributed to a change in surface catalytic sites, 
as suggested by XPS analysis and TEM images after testing with CAN (Figure 2.14 and 2.15). 
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A layer of amorphous manganese oxide formed on the nanoparticle surface. Therefore, 
calcination at high temperature may be able to regenerate the catalytic activity.Further 
optimization and investigation of the long-term surface activity of these flame-prepared 
manganese oxide nanocrystals has the potential to lead to the low cost, scalable production of 
highly efficient water oxidation catalysts.  
 
 
Figure 2.18. Variation in normalized current density with time data for manganese oxide 
films tested under an applied potential of 0.7 V (vs. Ag/AgCl) in 1 M NaOH for 10 hours. 
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Figure 2.19. High-resolution transmission electron microscope images of manganese oxide 
nanoparticles after controlled potential electrolysis at 0.7 V vs. Ag/AgCl for 10 hours in 1 M 
NaOH. 
2.3 Conclusions 
In summary, we have reported the first characterization of the water oxidation activity of 
high temperature gas-phase synthesized manganese oxide polymorphs. Highly pure 
crystalline α-Mn2O3 and Mn5O8 with quasi-spherical morphology were obtained by dry-phase 
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post-processing of as-prepared flame-made Mn3O4 nanopowders. This enabled a comparison 
of the turnover frequency of three quasi-spherical, stable and crystalline species with 
oxidation ratio (O/Mn) varying from 1.3 to 1.6. It was found that Mn3O4 and Mn2O3 have 
nearly identical surface-specific turnover frequency while Mn5O8 was slightly less active with 
ca. 30% lower water oxidation TOF. XRD, HR-TEM and XPS analysis indicated slight 
oxidation of Mn3O4 nanoparticle surface and almost no traceable oxidation of Mn5O8 after the 
OER with CAN. The lack of Jahn-Teller distortion and oxidation sites on the Mn5O8 
nanocatalysts may explain their lower water oxidation activity.  
The flame-made manganese oxide powders revealed an order of magnitude higher mole-
specific TOF than commercial nanocrystalline manganese catalysts. Comparison of the SSA-
specific TOF of the commercial and flame-made Mn3O4 and Mn2O3 resulted in up to 350% 
higher activity of the latter reaching up to 0.063 and 0.070 μmol(O2)m−2s−1, respectively. 
These results show that flame-synthesis is a promising process for rapid and scalable 
production of manganese oxide nanocatalysts with enhanced surface activity and may 
provide a controllable route for the identification of highly active water oxidation sites. 
2.4 Experimental section 
2.4.1 Synthesis of Mn3O4 
Ultra-fine (specific surface area, SSA > 100 m2g−1) manganese oxide nanoparticles were 
produced by flame spray pyrolysis (Figure 2.1) of solutions containing a readily available 
manganese complex, manganese(III) acetylacetonate. The flame spray pyrolysis synthesis 
mechanism has been previously discussed in details for coarser manganese oxide,21 
alumina,21 and several other ultra-fine metal-oxides nanoparticles, such as SiO2,
22 TiO2,
23 and 
LiMn2O4
26. Combustible liquid solutions were prepared by dissolving manganese(III) 
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acetylacetonate (Aldrich) in a 1:1 (volumetric ratio) mixture of acetonitrile (Sigma-Aldrich, 
purity >99.5%) and 2-ethylhexanoic acid (SAFC, purity >99%), to reach a total Mn-atom 
concentration ([Mnliq]) of 0.5 molL
−1. This solution was fed at 3 to 7 mlmin−1 rate (Lr) 
through a custom build nozzle (Figure 2.1), and atomized with an oxygen flow (O2-P = 3 - 5 
Lmin−1, COREGAS grade 2.5) at a set pressure drop (P = 3 - 7 bar).  The resulting spray 
was ignited with a surrounding annular set of premixed methane/oxygen flame (CH4-flamlet = 
1.2 Lmin−1, O2-flamlet = 2 Lmin
−1, COREGAS grade 4.5). Nanoparticle powders were collected 
with a vacuum pump (ICME Type M80B4) on water-cooled glass-fiber filters (Sartorius 
glass microfiber, 160 mm diameter) placed at 45 cm height above burner (HAB). 
Commercial nanocrystalline, pure Mn3O4 powders (purity > 99%) were acquired from 
Sigma-Aldrich with an average crystal size of 55 nm and a SSA of 0.8 m2g−1. 
2.4.2 Synthesis of Mn5O8 and Mn2O3 
MnO could not be directly oxidized to neither Mn5O8 nor Mn2O3. Mn3O4 is the 
intermediate phase. Nanocrystalline Mn5O8 and Mn2O3 powders were synthesized by 
sintering and recrystallization of the flame-made Mn3O4 ([Mnliq] = 0.5 molL
−1, Lr = 3 
mlmin−1, O2-P = 5 Lmin
−1, P = 5 bar, SSA = 115 m2g−1) in a tubular furnace (inner diameter 
43 mm, MTI Corporation, GSL-1100x) with controlled atmospheric and temperature 
conditions. Pure Mn5O8 nanoparticles were obtained by purging with O2 1 Lmin
−1 for 130 
min, and isothermal sintering in a pure O2 atmosphere (0.3 Lmin
−1 O2) at 350 
oC for 12 h 
(heating rate 10 oCmin−1). Pure Mn2O3 nanoparticles were obtained by sintering in synthetic 
air at 550 oC for 90 min (heating rate 10 oCmin−1). Commercial nanocrystalline, pure Mn2O3 
powders (purity > 99%) were acquired from Sigma-Aldrich with an average crystal size of 36 
nm and a SSA of 1.5 m2g−1.  
2.4.3 Material Characterization  
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All powders were analysed using a Hitachi H7100FA 125 kV transmission electron 
microscope (TEM) with energy dispersive X-ray spectroscopy (EDX) and a JEOL JEM-
2100F Field Emission Gun Transmission Electron Microscope (FEGTEM). Average particle 
diameters (dTEM) were determined by counting the size distribution of 70 particles per sample 
with a standard image processing software (Nano Measurer). The crystal phase and average 
size (dXRD) were determined by X-ray diffraction analysis with a D2 Phaser, Bruker, USA. 
The powders specific surface area (SSA) was measured by N2 adsorption using a porosity 
analyzer (Micromeritics, TriStar II, U.S.A). The Sauter diameter was measured by the 
Brunauer-Emmett-Teller method (dBET) from the SSA. The composition and purity were 
investigated by Fourier transform infrared spectroscopy (FTIR-ATR, Bruker-Alpha, U.S.A), 
and elemental analysis with a Carlo Erba 1106 CHN analyser. X-ray photoelectron 
spectroscopy (XPS) analysis was performed using an AXIS Ultra DLD spectrometer (Kratos 
Analytical Inc., Manchester, UK) with a monochromated Al Kα source at a power of 144 W 
(12 kV  12 mA), a hemispherical analyser operating in the fixed analyser transmission mode 
and the standard aperture (analysis area: 0.3 mm × 0.7 mm). The total pressure in the main 
vacuum chamber during analysis was typically between 10-9 and 10-8 mbar. Survey spectra 
were acquired at a pass energy of 160 eV. To obtain more detailed information about 
chemical structure, oxidation states etc., high resolution spectra were recorded from 
individual peaks at 20 eV pass energy (yielding a typical peak width for polymers of 0.8 - 1.0 
eV). Each specimen was analysed at an emission angle of 0° as measured from the surface 
normal. Assuming typical values for the electron attenuation length of relevant 
photoelectrons, the XPS analysis depth ranges between 5 and 10 nm for a flat surface. Since 
the actual emission angle is ill-defined in the case of small particles (ranging from 0º to 90º) 
the sampling depth may range from 0 nm to approx. 10 nm. Data processing was performed 
using CasaXPS processing software version 2.3.15 (Casa Software Ltd., Teignmouth, UK). 
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All elements present were identified from survey spectra. The atomic concentrations of the 
detected elements were calculated using integral peak intensities and the sensitivity factors 
supplied by the manufacturer. The accuracy associated with quantitative XPS is ca. 10% - 
15%. Precision (ie. reproducibility) depends on the signal/noise ratio but is usually better than 
5%. The latter is relevant when comparing similar samples. 
Table 2.4. Elemental analysis of as-prepared and calcined Mn3O4 
nanoparticles. 
Element (wt%) As-prepared Calcination at 250oC 
N 0 0 
C 0.69% 0.18% 
H 0.20% 0.24% 
 
 
Figure 2.20. XRD patterns of as-prepared Mn3O4 nanoparticles and 250 
oC-calcined Mn3O4 
nanoparticles. 
2.4.4 Characterization of Water Oxidation Performance 
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FTIR analysis of the as-prepared manganese oxide samples revealed low concentration 
amounts of water and hydrocarbon-related species (see Results and Discussion below). These 
are attributed to either post-synthesis adsorption of airborne water and hydrocarbons present 
in the environment,36-39 or pyrolysis and chemisorption of the liquid precursor. To ensure a 
clean and consistent manganese oxide surface, before water oxidation experiments, both the 
water- and hydrocarbon-related species were successfully desorbed by low temperature 
calcination (1 hr at 250 oC) without affecting the crystal structure and morphology as verified 
by XRD (Figure 2.20), FTIR (Figure 2.21), elemental analysis (Table 2.4), TEM (Figure 2.22) 
and BET-SSA. Oxygen evolution was measured by a Clark-type oxygen electrode system 
(Oxytherm System, Hansatech Instruments, England). First, a deionized water solution was 
deoxygenated by N2 purging for calibration of the electrode. In a typical run, 2.2 - 3.5 mg 
manganese oxide catalysts were suspended in 0.8 ml deionized water by 1 min sonication and 
5 min vortex mixing. Then 0.2 ml of the nanocatalysts suspension were added immediately to 
0.8 ml of deionized water in the reaction vessel, and degassed by N2 purging. Thereafter, 0.1 
ml anaerobic solution of 2 molL−1 (NH4)2[Ce(NO3)6] (CAN) was added and the oxygen 
evolution was measured under continuous stirring. The measurements were completed within 
2 - 3 minutes as expected from the consumption of electron acceptor CAN. Each powder 
composition (phase, crystal size and SSA) was tested for three times, and the oxygen 
evolution rate was determined from the linear fitting’s slope of the first 60 seconds. 
2.4.5 Calculation of Fed Gas-Phase Mn-Concentration [Mn]gas 
                                 𝑀𝑛𝑔𝑎𝑠(mmol 𝐿
–1) =  
Mnliq (mol 𝐿
–1)∙𝐿𝑅 (ml 𝑚𝑖𝑛
–1)
O2−∆P(L 𝑚𝑖𝑛–1)
                                 (2.1) 
LR is the precursor feed rate (ml min
–1), O2-P is the O2 dispersion rate (L min
–1), Mnliq is the 
liquid precursor Mn-atom concentration with 0.5 mol L–1 for synthesis of all manganese 
oxide nanoparticles. 
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Fed Gas-Phase Mn-Concentration is a critical factor that determines the yield and features of 
the produced nanoparticles. 
 
Figure 2.21. FTIR patterns of as-prepared Mn3O4 nanoparticles and 250 
oC-calcined Mn3O4 
nanoparticles. 
 
Figure 2.22. TEM images of (a) as-prepared Mn3O4 nanoparticles and (b) 250 
oC-calcined 
Mn3O4 nanoparticles 
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Figure 2.23. FTIR patterns of (a) Mn3O4 (SSA = 115 m
2g–1), (b) Mn5O8 (SSA = 78 m
2g–1) 
and (c) Mn2O3 (SSA = 30 m
2g–1). 
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Abstract 
Cobalt-based nanomaterials are being advocated as efficient low-cost catalysts for water 
oxidation, a key step in water splitting. To date, their efficient integration in 
photoelectrochemical devices is severely hindered by the poor optical transparency of the 
thick catalyst layers required to achieve comparable performance to noble metal-based 
systems. Here, we report the scalable low-cost synthesis of highly transparent and robust sub-
monolayers of Co3O4 nano-islands, which efficiently catalyse water oxidation. Rapid (5-15 s) 
aerosol deposition of flame-prepared Co3O4 nanoparticles and thermally-induced self-
organisation leads to an ultra-fine nano-island morphology with more than 94% light 
transmission at a wavelength of 500 nm. These transparent sub-monolayers demonstrate a 
remarkable mass-weighted water oxidation activity of 2070 - 2350 A gCo3O4
−1 and per-metal 
turnover frequency of 0.38 - 0.62 s−1 at an overpotential of 400 mV in 1 M NaOH aqueous 
electrolyte solution. This mixed valent cobalt(II,III) oxide structure exhibits excellent long-
term electrochemical and mechanical stability, as investigated by XPS, XRD, and electron 
microscope analysis, preserving the initial catalytic activity over more than 12 h of constant 
current electrolysis (CCE) and 1000 consecutive voltammetric cycles. The potential of the 
Co3O4 nano-islands for photoelectrochemical water splitting has been demonstrated by 
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incorporation of co-catalysts in GaN nanowire photoanodes. The Co3O4-GaN photoanodes 
reveal significantly reduced onset overpotentials, improved photoresponse and photostability 
compared to the bare GaN ones. These findings provide a highly performing catalyst 
structure and a scalable synthesis method for the engineering of efficient photoanodes for 
integrated solar water-splitting cells and optoelectronic devices. 
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3.1 Introduction 
Hydrogen production via solar-driven water splitting has been proposed as a sustainable 
and viable way to power the planet.1 However, catalysts are essential to minimise the energy 
required for water oxidation, for which sluggish kinetics and unfavourable thermodynamics 
are main obstacles to facile synthesis of hydrogen through electrolysis of H2O.
1 Earth-
abundant inexpensive transition metal oxide catalysts including MnOx, NiOx, FeOx and CoOx 
are being widely investigated as substitutes for noble metal oxide water oxidation catalysts, 
such as RuO2 and IrO2.
2 However, to achieve comparable electrochemical performance, non-
noble metal oxides typically require significantly higher mass loadings (mg cm−2) than the 
former (μg cm−2).3 High catalyst loadings on the surface of the light absorber results in large 
optical losses due to high absorption and back-scattering of light3 hindering the fabrication of 
efficient photoelectrochemical devices based on low-cost catalysts. As a result, significant 
research efforts are directed toward the synthesis of highly transparent and active catalysts, 
and the development of scalable approaches for their integration into photoelectrochemical 
devices.3 In addition to catalysing water oxidation, the metal oxides also serve as hole-
scavengers to improve charge separation and suppress recombination losses as well as 
protective layers stabilising light absorbers that are unstable in aqueous media4-7 or undergo 
photo-oxidative self-destruction.8, 9 Structural re-design of the photoelectrochemical system 
can also improve photon management and transmission losses.10 
Several materials, including electrochemically deposited NiFeOx
11 and CoOx
12, sputtered 
NiOx,
5 and surface-modified Cu metal electrodes13 have been recently investigated as 
transparent electrocatalysts for water oxidation. Amongst these, cobalt oxide electrocatalysts 
have been reported to significantly improve the photoelectrochemical performance and the 
long-term photostability of metal oxide light absorbers, such as hematite,14, 15 TaON16 and 
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WO3
17. Synthesis of CoOx nanocatalysts by hydrothermal,
18 pulsed-laser ablation in liquids,19 
electrodeposition,2 photochemical metal-organic deposition20 and nanocasting21 has led to 
high electrocatalytic activities for water oxidation. Significantly better electrochemical 
performance was achieved with thicker films,22, 23 but this then limits the amount of solar 
energy that reaches the light absorber. Flame spray pyrolysis is a scalable synthetic method 
capable of producing transparent nanoparticle layers with controlled primary particle size and 
film structural properties24 without the need for surfactants that could block surface sites and 
diminish catalytic activity. However, due to their ultra-porous morphology, flame-made films 
suffer from poor mechanical stability,25 and thus have been rarely utilised for applications in 
liquid environments26. 
Here, we report the scalable synthesis of highly transparent and efficient water oxidation 
catalysts made of robust nano-islands of flame-made Co3O4. This synthesis method enables 
direct incorporation of electrocatalysts onto potential light absorbers with precisely controlled 
catalyst mass loading. First, Co3O4 layers comprised of ultra-porous nanoparticle networks 
are synthesised by rapid (5 - 15 s) aerosol deposition. Mechanically and chemically stable 
sub-monolayers are then obtained by thermally induced self-organisation of these networks 
into isolated nano-islands whose XRD pattern corresponds to the spinel Co3O4 crystal phase. 
Optimisation of the nano-island morphology leads to more than 94% visible light 
transmission and excellent water oxidation activity. Notably, these flame-made 
nanostructures demonstrate an outstanding electrochemical and mechanical stability during 
1000 voltammetric cycles and long-term constant current catalytic tests. To assess the 
potential of the Co3O4 nano-islands for photoelectrochemical water oxidation, they were 
directly deposited on GaN nanowires, a promising light absorber with a highly tunable 
bandgap structure.27-29 These Co3O4-GaN photoanodes demonstrated improved 
photoelectrochemical performance with lower onset overpotentials, improved photoresponse 
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and excellent long-term stability, exemplifying the potential of the Co3O4 nano-islands as a 
superior transparent metal-oxide catalyst for photoelectrochemical devices. 
3.2 Results and discussion 
 
Figure 3.1. Scanning electron microscope (SEM) images of (a) bare FTO, (b) 5 s and (c) 15 s 
as-deposited Co3O4. The inset shows a TEM image of the as-deposited nanoparticles. (d) 
Optical images of bare FTO glass substrate, 5 s and 15 s-deposited Co3O4 films sintered at 
550 oC for 1 hour. SEM images of the (e) 5 s and (f) 15 s deposited Co3O4 nano-islands 
obtained by thermally-induced self-organisation at 550 oC in air. 
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Aerosols of cobalt oxide nanoparticles were synthesised by flame spray combustion of 
Co(acac)3 liquid solutions. Nanoparticle layers were rapidly fabricated by orthogonal 
impingement of the flame-made aerosols on cooled fluorine-doped tin oxide coated glass 
substrates (FTO) (Figure 3.1a) placed at 12 cm height above the burner. Figure 3.1b,c show 
SEM images of the as-deposited films with a deposition time of 5 and 15 s. X-ray diffraction 
analysis (Figure 3.2) revealed that all the nanoparticle layers are spinel Co3O4. The formation 
of this mixed valent cobalt(II,III) oxide requires reduction of some of the Co(III) precursor 
during flame synthesis. This is attributed to the oxygen-deficient conditions of the flame core 
in the first centimetre downstream of the nozzle.30 At a deposition time of 15 s, the layers 
forms the characteristic ultra-porous nanoparticle network morphology (Figure 3.1c) recently 
reported for gas-phase self-assembly of flame-made ZnO.31 In contrast, 5 s deposition results 
in a visibly denser layer (Figure 3.1b). This morphology is in good agreement with recent 
models that predict a drastic increase in the first layer density with decreasing particle size 
below 50 nm.32 
To increase the mechanical stability of these fragile nanoparticle layers (Figure 3.1b,c) for 
operation under electrochemical conditions (Figure 3.3), the as-deposited morphology was 
restructured by annealing at 550 oC for 1 h in air. A calcination step at 550 oC is compatible 
with many efficient photoactive semiconductors.14-17 Topographical analyses of the sintered 
layers (Figure 3.1e and f) reveal localised densification of the ultra-porous nanoparticle 
networks. This results in the formation of robust sub-monolayers comprised of isolated nano-
islands (Figure 3.1e,f) and a nearly three-fold increase in the size of the Co3O4 nanoparticles 
from 10 ± 2 nm (inset of Figure 3.1c, and Figure 3.4) to 30 ± 6 nm (Figures 3.1 and 3.6). 
Notably, the initial Co3O4 crystal phase is preserved during this sintering step (Figure 3.2) 
while the average crystallite size (dXRD) increases from 12 nm of the as-deposited layers to 29 
nm of the nano-islands, consistent with microscopic observations. Similar morphologies were 
136 
 
obtained on sintering of the 5, 10 (Figure 3.5) and 15 s as-deposited layers with the main 
difference being the average height of the nano-islands (Figure 3.6). This discontinuous 
morphology is reminiscent of that reported for the gas-phase deposition of dispersed CuO 
nanoelectrodes.24 Most importantly, these sub-monolayers have sufficient mechanical 
stability for long-term operation in electrochemical cells while warranting high catalyst 
surface area and transparency. Furthermore, it has been confirmed by Higashi et al. that 
cobalt oxides can stabilise the decorated light absorber underlayers without fully covering 
them.16  
 
Figure 3.2. XRD patterns of as-prepared Co3O4 nanoparticles and Co3O4 sintered at 550 
oC 
for 1 hour. 
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Figure 3.3. Cyclic voltammograms (1st, 300th, 600th and 1000th cycles) for water oxidation 
over the (a) 5 s and (b) 15 s as-deposited Co3O4 ultraporous nanoparticle networks. 
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Figure 3.4. TEM images of as-deposited cobalt oxide nanoparticles at (a) low and (b) higher 
magnification. 
 
Figure 3.5. SEM image of 10 s deposited Co3O4 sub-monolayer sintered at 550 
oC for 1 hour. 
Figure 3.1d shows optical photographs of the bare FTO substrate and upon deposition of 
the 5 s and 15 s Co3O4 nano-islands. While the 15 s sample can be identified by a faint 
brownish colouration, the bare and 5 s Co3O4 electrodes are undistinguishable. The optical 
properties of the sub-monolayers were further investigated by UV-Vis spectrophotometry. In 
the visible range ( = 400 - 800 nm), all samples (5, 10 and 15 s deposition) are transparent 
139 
 
with above 74% transmission. At a wavelength of 500 nm, the 5 s Co3O4 sample 
demonstrates an outstanding transmission of 94%. Increasing the aerosol deposition time 
from 5 to 15 s increased the optical losses through the film at λ = 500 nm from 6% to 20% 
(Figure 3.6a and Figure 3.7). This is mostly attributed to increased Co3O4 mass loading. 
Indeed, the cross-sectional SEM images of the sub-monolayers (Figure 3.6b, c and d) clearly 
show a significant increase in average thickness with increasing aerosol deposition time.  
 
Figure 3.6. (a) UV-Vis transmission spectra of the sintered Co3O4 nano-island sub-
monolayers as a function of the deposition time. SEM images of (b) 5 s, (c) 10 s and (d) 15 s 
deposited Co3O4 nano-island sub-monolayers. 
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Figure 3.7. UV-Vis transmission spectra of the sintered Co3O4 nano-island sub-monolayers 
as a function of the deposition time before subtracting the spectrum of bare FTO. 
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Figure 3.8. Electrochemical water oxidation catalysed by the sintered Co3O4 nano-islands in 
1.0 M NaOH: (a) Cyclic voltammograms (second cycle; potential scan rate 50 mV s-1) for the 
Co3O4 nano-islands with an aerosol deposition time of 5, 10, 15 s and 4 min. (b) Tafel plots 
for the 5 s Co3O4 nano-islands. (c) Long-term electrocatalytic testing of the 5 s Co3O4 nano-
island sub-monolayers at a constant current density of 10 mA cm−2. Inset shows SEM image 
of the 5 s Co3O4 nano-island sub-monolayer after 12 h measurements. (d, e, f) Cyclic 
voltammograms (1st, 300th, 600th and 1000th cycles) for the 5 (the inset shows an enhanced 
plot for the second cycle), 10 and 15 s Co3O4 nano-island sub-monolayers, respectively. The 
error bars are standard deviations calculated from three independent measurements. 
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Figure 3.9. Cyclic voltammograms (3 cycles) of 15 s deposited Co3O4 sub-monolayer 
sintered at 550 oC for (a) 1 h, (b) 3 h, (c) 5 h and (d) Tafel slopes derived from the CV curves 
(anodic branches of first, second and third cycles) of 15 s deposited Co3O4 sub-monolayer 
after calcination at 550 oC for 1, 3 and 5 h. The error bars were computed as standard 
deviations of data from three CV measurements. 
Figure 3.8a shows cyclic voltammetry (CV) scans of these sub-monolayers in 1 M NaOH 
as a function of the aerosol deposition time. Overall, the 15 s samples (Figure 3.8a, blue line) 
achieve the highest current density. The overpotential required to reach a current density of 
10 mA cm−2 decreases from 446 to 376 mV with increasing Co3O4 aerosol deposition time 
from 5 to 15 s (Ohmic drop in these experiments was ca. 24 mV). Notably, increasing the 
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deposition time to 4 min (Figure 3.8a, yellow line) did not improve the catalytic performance. 
This is tentatively attributed to the relatively poor electron conductivity of granular Co3O4 
resulting in higher losses with increasing thickness as well as to inaccessibility of the 
catalytic sites buried inside the thicker layers. Furthermore, these thick (4 min) films had poor 
optical transmittance and thus are not suitable as transparent catalytic layers for photo-
electrochemical applications. Longer sintering times (up to 5 h) had no effect on catalytic 
activity (Figure 3.9). On this basis, further electrochemical characterisations were performed 
with an aerosol deposition time of 5-15 s and a sintering time of 1 h. 
Some redox events (inset of Figure 3.8d) were observed before the clear onset of the water 
oxidation reaction. This is in line with previous reports on the Co-based electrocatalysts18, 19, 
33, 34 and can be attributed to the Co3O4/CoOOH process, in which CoOOH is formed via 
oxidation of the Co3O4 surface.
35 A similar Co(II)/Co(III)-redox process has also been 
hypothesised by Nocera.36 On the other hand, in-situ EPR studies indicate that Co(IV) is 
formed during these redox events and that the presence of intermediate Co(IV) could be 
essential for oxygen evolution catalysis34. Indeed, recent publications have reported that the 
incorporation of gold enhances the water oxidation activity of cobalt oxides by increasing the 
content of Co(IV).37-39 Based on the Pourbaix diagram40, and not taking into account kinetic 
effects from the catalytic process, the potential of 1.4 V vs. RHE is not positive enough to 
produce high concentrations of Co(IV). While the electrochemical process corresponding to 
the Co(III)/Co(IV) redox couple is usually found at significantly more positive potentials than 
for the Co(II)/Co(III)35, it is not possible to completely rule out the formation of Co(IV) 
before the onset of water oxidation.34 However, there should be further oxidation of cobalt 
centres on the catalyst surface (probably to Co(IV) again) at more positive potentials, which 
is coupled to the catalytic process.34, 36, 41 These two sites have been recently hypothesised as 
Co(IV)-O● and Co(IV)-OH.42 
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Figure 3.10. Tafel slopes derived from the CV curves (anodic branches of first, second and 
third cycles) of flame-deposited Co3O4 sub-monolayers sintered at 550 
oC for 1 hour. The 
error bars were computed as standard deviations of data from three measurements. 
The intrinsic water oxidation catalytic activity of the Co3O4 nano-islands was further 
analysed in terms of the Tafel plots (reaction overpotential vs. log current) and turnover 
frequencies. Figure 3.8b shows the Tafel plot of the 5 s sub-monolayers with a Tafel slope of 
62 ± 3 mV dec−1. This is in good agreement with that (62 dec−1) derived from the CV curves 
(Figure 3.10, circles). The Tafel slopes of the 10 s and 15 s sub-monolayers were 65 and 59 
mV dec−1, respectively, indicating the same water oxidation mechanism and underlying 
factors controlling the process such as carrier diffusion and cell resistances (Figure 3.10). 
This suggests that the higher current density of the 15 s nano-islands (Figure 3.8a) arise from 
a higher Co3O4 mass loading. The Co3O4 mass loading (m) was determined by inductively 
coupled plasma mass spectrometry (ICP-MS) from three independent samples for each 
deposition time. The m increased from 1.59 ± 0.10 to 4.7 ± 1.0 μg cm−2 with increasing 
aerosol deposition time from 5 to 15 s. The turnover frequency (TOF) of the sub-monolayers 
was estimated at the water oxidation overpotential of 400 mV (Table 3.1). Most notably, the 
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5 s aerosol-deposited films generated a current of 3.50 mA cm−2 which corresponds to a 
mass-weighed activity of 2070 - 2350 A g(Co3O4)
−1. This is amongst the highest reported so far 
for Co-based electrocatalysts (Table 3.1) and translates to a per-metal TOF of 0.38 - 0.62 s−1. 
It was reported by Bonke et al. that highly-active electrochemically-deposited CoOx reached 
a TOF of 0.14 s−1 at an overpotential of 400 mV (pH 9.2) and transmission of ca. 88%.12 
With respect to Co3O4-based catalysts, here, the per-metal TOFs are about two orders of 
magnitude higher than most of the works in Table 3.1 and slightly better than that recently 
reported by Muller et al. with a 5 times smaller (6.5 nm) Co3O4 particle size.
19 Lower mass 
loading of 0.00132 ± 0.00014 mg cm−2 (Table 3.1)43 than that utilized here (0.00159-0.0047 
mg cm−2), led to significantly lower per-metal TOF (0.0032 ± 0.0014 s−1 at η = 300 mV) than 
here (0.023 - 0.038 s−1 at η = 300 mV). 
As shown in Table 3.1, the TOFs, overpotentials at 10 mA cm−2 and mass activities of 5-
15 s nano-islands are quite similar. Therefore, further characterisation of the electrochemical 
performance was undertaken for the most transparent samples only, namely 5 s Co3O4 sub-
monolayers. The long-term electrochemical stability of the Co3O4 nano-islands was 
investigated by constant current electrolysis (Figure 3.8c), and during 1000 continuous CV 
cycles (Figure 3.8d-f). Figure 3.8c shows that the overpotential required to maintain a current 
density of 10 mA cm−2 during chronopotentiometric experiments (5 s Co3O4) is stable (500 ± 
10 mV) over a period of 12 h. The jagged nature of the voltage curve is attributed to the 
formation and release of oxygen bubbles39, 44 from the electrode as previously noted19, 45. 
SEM analysis (Figure 3.8c inset) of the flame-deposited Co3O4 sub-monolayers after 
chronopotentiometry confirmed the chemical and mechanical stability of the nanoparticulate 
island morphology. One thousand consecutive CV scans were also undertaken for all samples 
(Figure 3.8d-f) revealing no degradation in the water oxidation performance. A slight initial 
enhancement of the current density was observed for all samples and is tentatively attributed 
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to an increase in the population of Co(IV) that may enhance the catalytic activity (vide supra). 
This increase may also be caused by oxidative decomposition of surface hydrocarbons and 
other airborne pollutants. The results summarised in Figure 3.8 confirm the excellent catalytic 
stability and activity of these highly transparent Co3O4 nanostructures under the experimental 
conditions used in this work, as opposed to the as-deposited (not annealed) Co3O4 ultraporous 
layers (Figure 3.3) that deteriorate rapidly. 
Structural analysis of the catalysts before and after water oxidation was performed by 
XRD, XPS and UV-Vis spectrophotometry, to probe possible changes in the bulk structure, 
surface electronic state and transparency of the films (Figure 3.11). The initial Co3O4 crystal 
phase was maintained after 12 h of constant current electrolysis and 1000 CV cycles (Figure 
3.11a). The average crystallite size decreased slightly from the as-sintered initial value of 30 
± 2 nm to 19 ± 4 nm and 24 ± 4 nm after 12 h CCE and 1000 CV cycles, respectively. The 
interpretation of the XPS spectra of transition metals is not trivial. In particular, the Co 2p 
spectrum has a complex peak shape that prevents straightforward quantitative determination 
of the Co oxidation state, as discussed by Biesinger et al.46 Here, the Co 2p spectra measured 
before and after water oxidation (Figure 3.11b) are in good agreement with reference spectra 
of Co3O4 
46. Notably, the shape of the core-level spectrum did not change significantly upon 
12 h CCE and 1000 CV cycles, further confirming the chemical stability of these flame-made 
Co3O4 nanostructures (Figure 3.11b). In contrast, the corresponding O 1s spectra indicated a 
slight change in surface electronic state, evidenced by an increase in intensity at a binding 
energy of 531 eV (Figure 3.11c). The O 1s is a compound signal with contributions from Co 
oxide (narrow peak below 530 eV) as well as possible contributions from defect sites, 
hydroxides, adsorbed water and organic oxygen corresponding to a broad feature with a 
maximum at 531 eV. Since the C 1s spectra (Figure 3.11d) did not reveal variations in the 
level of organic oxygen on the surface, we tentatively attribute the spectral change at 531 eV 
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to the formation of CoOOH on the Co3O4 surface.
39 However, considering that this was not 
reflected in the Co 2p spectra, oxidation of the nano-island surface is minimal and may 
explain the small drop in Co3O4 crystal size measured upon sustained water oxidation. This is 
in agreement with the XRD analysis (Figure 3.11a) showing no detectable amount of CoOOH 
and the stability of the parent Co3O4 phase (inset of Figure 3.8c). The UV-Vis analysis 
(Figure 3.11e) further confirms the very stable chemical and mechanical properties with no 
variation in spectra for the nano-island sub-monolayers. 
 
Figure 3.11. Structural analysis of the Co3O4 layers. (a) XRD patterns of a bare FTO 
substrate, flame-made (4 min) Co3O4 nanoparticles, and a sintered flame-deposited (4 min) 
Co3O4 before and after water oxidation by constant current electrolysis (CCE) for 12 h or 
during 1000 CV cycles. X-ray photoelectron spectroscopy (XPS) of (b) Co 2p, (c) O 1s and 
(d) C 1s spectra of the 5 s Co3O4 nano-island sub-monolayers before and after water 
oxidation by CCE for 12 h and during 1000 CV cycles. (e) UV-Vis transmission spectra of 
the 5 s Co3O4 nano-island sub-monolayers before and after water oxidation by CCE for 12 h 
and 1000 CV cycles. 
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Table 3.1. Catalytic activity of Co3O4/cobalt-based spinels electrocatalysts for water oxidation in 
alkaline aqueous solutions. 
Catalysts/ 
synthesis method 
Mass loading 
(mg cm−2) 
Electrode/ 
Electrolyte 
Tafel slope 
(mV dec−1) 
Overpotential 
at 
10 mA cm−2 
(mV) 
Per-metal 
TOF at η = 
400 mV (s−1) 
Mass activity 
at η = 400 mV 
(A g(Co3O4)
−1) 
Ref. 
5 s Co3O4  
nano-islands 
0.00159 ± 
0.00010 
FTO/1 M 
NaOH 
62 446 0.38 - 0.62 2070 - 2350 
This 
work 
10 s Co3O4  
nano-islands 
0.00346 ± 
0.00004 
FTO/1 M 
NaOH 
65 416 0.34 - 0.38 1570 - 1610 
This 
work 
15 s Co3O4  
nano-islands 
0.0047 ± 
0.0010 
FTO/1 M 
NaOH 
59 376 0.41 - 0.65 1900 - 2920 
This 
work 
Co3O4 NPs/ 
hydrothermal 
1 
Ni foam/1 
M KOH 
~47 328 0.0019[b] 56[b] 18 
Co3O4 
NPs/PLAL[a] 
0.004 
HOPG/1 M 
KOH 
~46[b] 
314 mV at 0.5 
mA cm−2 
0.47[b] 1250[b] 19 
Co3O4 
nanocrystals with 
N-graphene/ 
hydrothermal 
0.24 
carbon 
fibre 
paper/0.1 
M KOH 
~67 ~360[b] 0.0031[b] 92[b] 47 
Co3O4 NPs with 
CNTs/noncovalent 
functionalization 
0.05 
ITO/ 
1 M KOH 
~104 594 0.0018[b] 56[b] 48 
meso-Co3O4/ 
nanocasting 
0.13 
gold 
disk/0.1 M 
KOH 
n.a. 525 0.0015[b] 19[b] 21 
CoFe2O4 spinels/ 
solvothermal 
0.051 
glassy 
carbon/0.1 
M KOH 
61 560 0.0008[b] 15[b] 49 
Co3O4 nanochains/ 
degradation of 
CoC2O4·2H2O 
 
3 
FTO/0.1 M 
KOH 
n.a. Not reached 0.000011[b] 0.33[b] 50 
Co3O4/solution-
cast 
0.00132 ± 
0.00014 
Au/Ti 
QCM 
crystals/1 
M KOH 
42 ± 1 n.a. 
0.0032 ± 
0.0014  
at η = 300 mV  
15 ± 6.8 
at η = 300 mV 
43 
[a] Pulsed-laser ablation in liquid. [b] This value was extracted from the reported graphs.  
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Figure 3.12. SEM images of (a) the bare and (b) the 5 s Co3O4 decorated GaN nanowires.  (c) 
Linear sweep voltammograms (LSV) under dark and AM1.5G illumination. (d)   
Photocurrent density versus time tests under chopped light illumination (light/dark cycles of 
50 s) at 1 V vs RHE.  
To assess the potential of these Co3O4 nano-islands for photoelectrochemical water 
oxidation, GaN nanowires (Figure 3.12a) were fabricated from GaN epilayers. The top 
nanowires were covered with more nanoparticles compared to the bottom nanowires. The use 
of GaN based semiconductors for solar water splitting has recently attracted considerable 
attention.27, 28 GaN has its conduction and valence band edges straddling the redox potential 
for water splitting and a bandgap that can be tuned across the entire solar spectrum by 
varying the indium mole fraction of InxGa1-xN, thereby promising multiband structures for 
high efficiency solar hydrogen generation.29 To date, however, there is a lack of 
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investigations on the use of co-catalysts towards improving the water oxidation efficiency of 
GaN-based photoelectrodes. Tapered nanowires with an average diameter of ca. 200 nm and 
a length of ca. 1.5 µm were obtained. The 5, 10 and 15 s Co3O4 sub-monolayers were directly 
deposited on the GaN nanowires and annealed into the robust nano-island morphology 
(Figure 3.12b). The photoelectrochemical performance of these Co3O4-GaN photoanodes was 
investigated by photocurrent density vs potential measurements (Figure 3.12c). Notably, all 
Co3O4-loaded photoanodes showed a cathodic shift in onset potential of ca. 100 mV and 
distinctly increased photocurrents at potentials below 0.6 V vs. RHE. The best performance 
was obtained with the 5 s Co3O4-loaded GaN that resulted in a 240% higher photocurrent 
density at 0.4 V vs. RHE than the bare GaN photoanodes. This is an excellent co-catalyst 
performance for a photoelectrochemical system. It is worth noting that the saturation current 
of bare GaN is higher than that of the 10 and 15 s Co3O4-GaN and a bit lower than the 5 s 
Co3O4-GaN. We attribute this to the interplay between the effective light absorbance (ηabs) 
and surface charge transfer efficiencies (ηtrans). Overall, the practical water oxidation 
photocurrent (Jwater) shown in Figure 3.12c can be estimated by: Jwater = Jmax × ηabs × ηsep × 
ηtrans.51-53 Where Jmax is the maximal theoretical saturation photocurrent density (Jmax) of the 
semiconductor material, and ηsep is the charge separation efficiency. Amongst others, the ηtrans 
is determined by the percentage of surface-reaching holes involved in the OER.51-53 For 
certain semiconductors such as BiVO4 and hematite, the ηtrans is limited, even at high 
potentials, due to surface recombination, which decreases the number of surface-reaching 
holes engaging in the OER.54 As previously reported,54-57 the ηtrans can be increased by 
integration of OER catalysts into the light-absorbers resulting in higher saturation 
photocurrent densities. Here, for the 5 s Co3O4 - GaN, the ηabs × ηsep is almost the same as that 
for the bare GaN electrodes due to the high transparency of the 5 s Co3O4 nano-islands. The 
lower photocurrent density of the bare GaN electrode can be tentatively attributed to its slow 
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degradation in the absence of the co-catalysts (Figure 3.12d, black line) and its higher surface 
charge recombination rate than Co3O4-GaN.
56 This is supported by the Nyquist plots (Figure 
3.13) in which the impedance arc radius considerably decreased after the addition of the 
Co3O4 co-catalysts, indicating that the charge transfer kinetics at the electrode-electrolyte 
interface is improved. However, the saturation photocurrent density of the photoelectrodes 
with 10 s and 15 s Co3O4 is lower than that of the bare GaN (Figure 3.12c), due to the lower 
transparency of these Co3O4 sub-monolayers that decreases the resulting light absorbance 
efficiency (ηabs) more than increasing the surface charge transfer efficiencies (ηtrans). The best 
performance of the 5 s Co3O4 nano-island sub-monolayer was attributed to its high optical 
transparency and excellent OER activity (Table 3.1). Furthermore, photostability 
characterizations (Figure 3.12d) reveal that Co3O4 nano-islands significantly decreased the 
photocorrosion of the photoanodes with respect to the pure GaN ones. This is tentatively 
attributed to the presence of Co3O4 that acts as a hole scavenger, rapidly collecting the 
photogenerated holes and thereby suppressing the photo-oxidative corrosion of GaN surface 
and charge recombination processes.  
 
Figure 3.13. Nyquist plots of GaN nanowire photoanodes with and without Co3O4 nano-
islands. 
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3.3 Conclusion 
In summary, we have presented a highly transparent, mechanically and chemically stable 
Co3O4 nano-island morphology capable of achieving high electrochemical oxygen evolution 
rates in basic aqueous solutions. The per-metal TOF at an overpotential of 400 mV in 1 M 
NaOH aqueous solution of these sub-monolayers is 0.34 - 0.65 s−1 and among the highest so 
far reported for Co-based electrocatalysts. The low mass loading (few μg cm−2) of this 
morphology resulted in highly transparent catalytic layers with 94% transmission at a 
wavelength of 500 nm. This is key to minimising the impact of low-cost electrocatalysts on 
the light harvesting efficiency of the underlying light absorbers in photoelectrochemical 
water splitting. Excellent long-term electrochemical stability of the flame-made Co3O4 nano-
islands was observed with no deterioration of the performance and obvious chemical and 
morphological changes over 12 h of operating at a constant current of 10 mA cm-2 and during 
1000 CV cycles for water oxidation. Furthermore, the initial catalytic activity and 
transparency were also preserved. In addition to the excellent performance obtained with 
Co3O4, the potential of this rapid solvent-free self-assembly approach for the fabrication of 
highly transparent and active water oxidation catalyst layers was successfully demonstrated 
by synthesis of efficient Co3O4-GaN nanowire photoanodes, a promising tunable model 
system for photoelectrochemical cells. 
3.4 Experimental Section 
3.4.1 Synthesis of Co3O4 Nano-Islands 
Cobalt oxide nanoparticulate nano-island sub-monolayers were produced by flame spray 
pyrolysis of solutions containing cobalt(III) acetylacetonate. Combustible liquid solutions 
were prepared by dissolving cobalt(III) acetylacetonate (Strem) in toluene (Sigma-Aldrich, 
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anhydrous, 99.8%), to reach a total Co-atom concentration of 0.1 M. This solution was fed 
through a custom built nozzle at 3 ml min−1 rate, and atomised with an oxygen flow (5 L 
min−1, COREGAS grade 2.5) at a set pressure drop 5 bar. The resulting spray was ignited 
with a surrounding annular set of premixed methane/oxygen flame (CH4-flamlet = 1.2 L min
−1, 
O2-flamlet = 2 L min
−1, COREGAS grade 4.5). To prepare the working electrodes, the FTO 
coated glass substrates (TEC7, Dyesol) were cleaned by sonication for 10 min in acetone. 
The clean FTO glass substrates, with a metal mask on top (hole size is 4 mm × 4mm) were 
mounted at a height above burner of 12 cm on a copper substrate holder with water cooling 
for Co3O4 deposition. During deposition, the other parts of the FTO glass substrates were 
wrapped with aluminium foil to minimise additional contamination with cobalt oxide 
nanoparticles. The deposition times used were 5, 10 and 15 seconds. After deposition, the as-
prepared Co3O4 films were post-calcined in furnace at 550 
oC for one hour (heating rate 10 oC 
min−1).  
3.4.2 Top-down Fabrication of GaN nanowires 
GaN nanowires were fabricated by plasma etching of MOCVD grown n-GaN epilayer 
with a carrier concentration of 5 x 1017 cm-3 using self-assembled Ni particles as a mask.58 To 
obtain n-type GaN as a photoanode, the top 2 μm of the film was doped with Si. This was 
followed by the deposition of 500 nm Si oxide film and 10 nm Ni by plasma-enhanced CVD 
and electron-beam evaporation techniques, respectively. The resulting films were subjected to 
rapid thermal annealing at 850 oC for 2 mins to form Ni particles mask and subsequently to 
dry etching for 120 s using inductively coupled plasma reactive ion etching (ICP-RIE) to 
form GaN nanowires. Ohmic contacts for the GaN based photoanodes were made by 
depositing 30/150 nm of Ni/Au by electron beam evaporation followed by rapid thermal 
annealing at 400oC in Ar gas flow. 
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3.4.3 Material Characterisation 
X-ray diffraction (XRD) analysis was run using a D2 Phaser, Bruker, USA. The cobalt 
oxide nanoparticle layers on FTO glass used for XRD analysis was deposited for 4 minutes. 
Cobalt oxide nanoparticles were analysed using a Hitachi H7100FA 125 kV transmission 
electron microscope (TEM). The morphology of cobalt oxide films and GaN nanowires was 
analysed by scanning electron microscopy (Zeiss UltraPlus analytical scanning electron 
microscope). Prior to examination, SEM specimens were platinum sputter-coated for 2 min at 
20 mA with a thickness of 1-2 nm. UV-Vis spectrophotometric analyses were carried out 
using a microplate reader (Tecan 200 PRO, Switzerland) from 350 to 800 nm with 10 scans 
per cycle. Bare FTO glass substrates were treated with pure toluene without cobalt precursor 
using same synthesis parameters as those for Co3O4 deposition, and then were calcined at 550 
oC for 1 h before UV-Vis measurements.  
3.4.4 ICP-MS Measurements 
10 mL 70% HNO3 was used to dissolve the Co3O4 nanoparticle coating on the FTO/glass 
substrate into a 20 mL vial. The dissolution was assisted with sonication and lasted for more 
than 24 hours to ensure complete dissolution of the film. Then, 0.43 mL of obtained solution 
was diluted with 9.55 mL water and 0.02 mL 10 ppm-Sc solution (for monitoring and 
correcting instrumental drift), resulting in a 10-mL sample solution for ICP-MS analysis. Five 
standard solutions containing known concentrations of cobalt(II) chloride in 3% HNO3 were 
prepared to establish calibration curves in the range of 0 and 100 ppb cobalt. In each time of 
measurement, raw count rates of cobalt in the sample solutions were projected to the 
equivalent calibration curve to give cobalt concentrations. Three independent batches of 
Co3O4 nano-island layers for each deposition time (5, 10 and 15s) were measured to 
determine standard deviations. Three bare FTO/glass substrates were subjected to the same 
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operation, and the measured amount of background Co was subtracted from the other Co 
values. 
3.4.5 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) analysis was performed using an AXIS Ultra 
DLD spectrometer (Kratos Analytical Inc., Manchester, UK) with a monochromated Al Kα 
source at a power of 150 W (10 kV  15 mA), a hemispherical analyser operating in the fixed 
analyser transmission mode and the standard aperture (analysis area: 0.3 mm × 0.7 mm). The 
total pressure in the main vacuum chamber during analysis was typically between 10-9 and 
10-8 mbar. Survey spectra were acquired at a pass energy of 160 eV. To obtain more detailed 
information about chemical structure and oxidation states, high resolution spectra were 
recorded from individual peaks at 40 eV pass energy (yielding a typical peak width for 
polymers of 1.0 eV). Each specimen was analysed at an emission angle of 0° as measured 
from the surface normal. Assuming typical values for the electron attenuation length of 
relevant photoelectrons the XPS analysis depth (from which 95 % of the detected signal 
originates) ranges between 5 and 10 nm for a flat surface. 
Data processing was performed using CasaXPS processing software version 2.3.15 (Casa 
Software Ltd., Teignmouth, UK). All elements present were identified from survey spectra. 
The atomic concentrations of the detected elements were calculated using integral peak 
intensities and the sensitivity factors supplied by the manufacturer. The accuracy associated 
with quantitative XPS is ca 10 - 15%. Precision (i.e. reproducibility) depends on the 
signal/noise ratio but is usually much better than 5%. The latter is relevant when comparing 
similar samples. 
3.4.6 Electrochemical and Photoelectrochemical Characterisation 
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Cyclic voltammetric (CV), at a scan rate of 10 mV s−1 and chronopotentiometric 
measurements were carried out with a Bio-Logic VMP3 potentiostat at room temperature (ca 
25 oC). One thousand consecutive CV scans were performed with a scan rate at 50 mV s−1. 
Tafel plots were obtained via a quasi steady-state staircase voltammetry experiment from 0.3 
to 0.9 V vs. Ag/AgCl, where the anodic potential was increased in 20 mV increments. The 
dwell time at each applied potential was 5 minutes. Chronopotentiometry experiments were 
performed using the post-calcined (550 oC for one hour) Co3O4 on FTO as working 
electrodes without further treatment to improve the mechanical stability of the catalyst films. 
For all electrochemical measurements, the electrolyte was aqueous 1.0 M NaOH; an Ag/AgCl 
reference electrode (ALS Co., Ltd), a Pt wire counter electrode and with the flame-prepared 
cobalt oxide films deposited on FTO glass (TEC7, Dyesol) as working electrodes. The 
potentials were measured using a Ag/AgCl/3.0 M NaCl reference electrode at room 
temperature (0.209 V vs. normal hydrogen electrode, NHE) and then converted to the 
reversible hydrogen electrode (RHE) scale via the Nernst equation: VRHE  = VAg/AgCl + 0.209 
V vs NHE + 0.059 × pH. The overpotential η at 10 mA cm−2 was calculated using the 
equation η = Emeasured − 1.23 V vs RHE − iRu, where Emeasured is the potential recorded vs RHE. 
Uncompensated resistance, Ru was ca. 15 Ω, and i is the current. 
Photoelectrochemical performance of the electrodes was evaluated in a three-electrode 
configuration under AM 1.5G illumination using a potentiostat (Autolab, PGSTAT302N). 
Ag/AgCl in saturated KCl (+0.197 V vs. normal hydrogen electrode, NHE) and a Pt wire 
were used as reference and counter electrodes, respectively in 1M NaOH as an electrolyte. 
The photoresponse was measured using a solar simulator (Newport) equipped with a 150 W 
Xe lamp and an AM 1.5G filter, calibrated with a standard Si solar cell. Photocurrent stability 
tests were conducted by measuring the photocurrent produced under chopped light irradiation 
(light/dark cycles of 50 s) at an applied bias of 0 V versus Ag/AgCl. Electrochemical 
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impedance spectra were collected at open-circuit voltage over a frequency range of 0.05 to 
105 Hz with a 10 mV amplitude under AM1.5G illumination. 
3.4.7 Calculation of TOF and Mass Activity 
The per-metal turnover frequency (TOF) was calculated on the basis of the catalyst 
loading of Co3O4 m = 255, 554 and 746 ng, and the measured current density j (mA cm
−2) at 
η = 400 mV by 
                                                          TOF =  
𝑗 𝐴
3×4𝑛𝐹
                                                              (3.1) 
where j is the measured current density (A cm−2) at η = 0.4 V, A is the geometric area of 
Co3O4 nanoparticulate films (0.16 cm
2), n is the mole number of the coated Co3O4, the 
number 3 means 3 Co atoms per Co3O4 molecules, the number 4 means 4 electrons per mole 
of O2 and F is the Faraday constant (96485 C mol
−1).59, 60 The mass activity (Im, A g
−1) of 
Co3O4 was calculated on the basis of the catalyst loading of Co3O4 m = 1.59 × 10
−3, 3.46 × 
10−3 and 4.66× 10−3 mg cm−2 and the measured current density j (mA cm−2) at η = 400 mV by 
                                                                                               𝐼𝑚 =  
 𝑗 
𝑚
                                                                  (3.2) 
3.4.9 Calculation of Co3O4 Layer Transmittance 
The total transmittance measured after deposition of the film, Ts+f ,λ, can be decomposed 
into transmittance of a bare substrate, Ts ,λ, measured before deposition of the film and 
transmittance of the film itself. In line with the Bouguer-Lambert-Beer law, the transmittance 
of the film can be extracted from these two measurements by taking the ratio of the 
transmittance of both the substrate and film to the transmittance of the substrate alone: 
                                                              𝑇𝑓,λ =
𝑇𝑠+𝑓,λ
𝑇𝑠,λ
                                                             (3.3) 
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Abstract 
Morphology of nanostructured materials plays a crucial role in the design of excellent 
(photo)electrodes by improving the electron conductivity and minimizing the trade-off 
between the carrier diffusion length and light penetration depth. The performance of 
hematite-based semiconductors, having a promising theoretical photocurrent for solar-driven 
water splitting, has been hindered by their poor charge transport and separation efficiency. It 
has been envisioned that its saturation photocurrent density could be reached by morphology 
control. Herein, we developed both physically- and chemically-induced morphology tuning 
processes, namely capillary force-induced self-assembly and chemically-induced dissociation 
and regrowth, drastically increasing the photocurrent by 24 times under 100 mW cm–2 air 
mass 1.5 global sunlight at 1.23 V vs RHE compared to the initial hematite photoanodes. 
Notably, capillary effect led to better crystalline nature of hematite with preferential 
orientation in the [110] direction. The enhancement of the PEC performance is attributed to 
the better conductivities in the (001) basal planes. Subsequent dissociation and regrowth of 
hematite nanostructures further improved the photoelectrochemical performance, resulting in 
improved light absorption, more efficient charge separation and surface charge transfer 
processes. Our results and analyses of these two facile morphology tuning processes provide 
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valuable insights for the development of high performance photoelectrodes with optimal 
morphology in photoelectrochemical application.  
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4.1 Introduction 
Solar-driven water splitting is an attractive technology to convert solar energy to chemical 
energy hydrogen to power the planet. Intrinsically stable hematite (α-Fe2O3) is an appealing 
photoanode material due to its proper bandgap of ~2 eV and a suitable valence band for water 
oxidation. Furthermore, iron as the fourth most common element in the earth’s crust, its oxide 
also has the advantages such as earth-abundance, low-cost and environmentally benign 
property. The theoretical solar-to-fuel efficiency of a hematite photoanode can reach up to 
16.8% that corresponds to a maximum photocurrent density of 12.6 mA cm–2 at 1.23 V vs. 
RHE under 1 sun (100 mW cm–2). However, the drawbacks of hematite as photoanodes 
consist of low electron mobility of ~10–2 cm2 V–1 s–1,1 short hole diffusion length of 2-4 nm 
compared to its light penetration depth (~120 nm),2 very short excited-state lifetime of ~10–12 
s,1 and poor absorption coefficient.1 To address these limitations, enormous efforts have been 
spent to diminish its light absorption and carrier recombination losses. Engineering of 
hematite into nanostructures can reduce the charge-carrier diffusion distance to reach the 
electrode/electrolyte interface, and circumvent the problem of short excited-state lifetime. 
However, to satisfy the diffusion length (2-4 nm), the hematite structure must be much 
smaller than the optical absorption depth (120 nm), limiting the light absorption efficiency.3-5 
Morphology optimization of hematite nanocrystals plays a crucial role in the design of 
excellent photoelectrodes by minimizing the trade-off between the carrier diffusion length 
and light penetration depth. Photoelectrodes with poorly optimized morphology suffer from 
low solar-to-fuel efficiency due to low electron mobility, abundant grain boundaries or 
defects and lack of directional charge transfer to the back contact.6 It is widely agreed that 
morphological optimization of hematite photoanodes can significantly increase the water 
oxidation photocurrent density,1, 7 as demonstrated by various hematite nanostructures such 
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as nanowires,8 nanodendrites,7, 9 nanotubes,10 and nanorods.11 However, these independently 
obtained morphologies make it arduous for a comprehensive comparison amongst them. 
Therefore, morphology tuning of hematite photoanodes with a facile method is crucial and 
fundamental to identify champion nanostructures for water splitting in the future.6  
Herein, we developed both physically- and chemically-induced morphology tuning 
methods, namely capillary force-induced self-assembly and chemically-induced dissociation 
and regrowth, drastically increasing the photocurrent by 24 times at standard condition (AM 
1.5G, 1.23 V vs RHE) compared to the initial hematite photoanodes. Interestingly, capillary 
force-driven restructuring led to higher crystallinity with enriched (110) hematite facet. The 
enhancement of the PEC performance is attributed to the better conductivities in the (001) 
basal planes. Following dissociation and regrowth of hematite nanostructures further 
improved the photoelectrochemical performance, resulting from more efficient charge 
separation and surface charge transfer processes. 
4.2 Results and discussion 
The initial iron oxide nanoparticle networks demonstrated maghemite phase (Figure 4.1), 
which was self-assembled as illustrated in our previous work.12 This amorphous phase can be 
transformed to crystalline hematite after calcination at high temperature (Figure 4.2a, black 
line). The optimum Sn-doping was determined to be 3% by photoelectrochemical 
measurements under 1 sun (AM 1.5), as shown in Figure 4.2b. The photocurrent density of 
bare hematite photoanode was just a few μ A/cm–2. The hump of 5% Sn doped hematite 
(Figure 4.2b, green line) could be attributed to the presence of excess tin oxide. The estimated 
carrier densities of pure and 3% Sn-doped hematite, determined from the Mott-Schottky plots 
(Figure 4.2c), were calculated to be 9.51 × 1019 and 6.68 × 1019 cm–3, respectively. This 
suggested that Sn does not act as an electronic dopant. Positive shift of flatband potential for 
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3% Sn-doped hematite demonstrates the decrease of band bending, thereby facilitating the 
efficient charge transfer.6, 13 As shown in the Nyquist plots (Figure 4.2d), Sn-doped hematite 
exhibited a smaller arc radius than pure hematite, indicative of improved charge transfer 
kinetics at the electrode-electrolyte interface.  These findings are consistent with previous 
literature about Sn-doped hematite photoanode.14 The optimum 3% Sn-doped hematite 
photoanode obtained in this work was used for the following morphology tuning processes. 
 
Figutre 4.1. XRD pattern of as-prepared pure iron oxide powders. 
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Figure 4.2. Optimization of Sn-doped hematite photoanodes. (a) XRD of hematite 
photoanodes; (b) Photocurrent density-potential curves under 1 sun light intensity at AM 
1.5G condition. Dashed lines correspond to dark currents; (c) Mott–Schottky plots measured 
at 1 kHz; (d) Nyquist plots collected in the dark. 
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Figure 4.3. Schematic diagram and SEM images of capillary force-induced self-assembly 
and chemically-induced morphological tuning.  
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Figure 4.4. SEM images of (a) untreated 3% Sn-doped hematite and (b) 3% Sn-doped 
hematite after capillary force-induced self-assembly. 
 
Figure 4.5. Photocurrent density-potential curves of hematite after capillary force-induced 
self-assembly with EtOH drop beside the edge and in the center under 1 sun light intensity at 
AM 1.5G condition. 
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The basic idea of the capillary force-induced self-assembly process is shown in Figure 
4.3a. Liquid ethanol with low surface tension (~22 mN m−1) spreads completely over the as-
prepared amorphous FeOx nanoparticle network with relatively high surface energy (several J 
m−2).15 In the subsequent drying process, capillary force exists between the nanoparticles at 
the liquid-air interface.16, 17 When the capillary force is larger than a critical force,17, 18 it will 
result in nanocohesion of the nanostructures. The nanoparticle network (Figure 4.3b) was 
thus re-self-assembled (Figure 4.3c), and a drastically different morphology of hematite 
photoanode formed after calcination (Figure 4.3e and Figure 4.4b) compared to the one 
without capillary effect (Figure 4.3d and Figure 4.4a). It is worth noting that the iron oxide 
nanoparticle film was damaged with FTO appearing if the ethanol was directly dropped on 
top of the film (Figure 4.5a,b). This is attributed to the fragile nature of the nanoparticle 
networks.12 This poor coverage led to a lower photocurrent density (Figure 4.5c). Therefore, 
the homogeneous self-assembly of nanoparticles, resulting from capillary force, was 
intentionally induced with ethanol wavefront by dropping the ethanol on the edge of the film. 
Subsequently, the low-surface tension ethanol would spread over the whole film (vide supra), 
resulting in three-dimensional re-organization of the nanoparticle network (Figure 4.3e and 
Figure 4.4b). The reproducibility was tested for three individual samples, showcasing similar 
photoelectrochemical performance (Figure 4.6). The hematite photoanodes after capillary 
force-induced re-organization upon calcination were further modified chemically by 
simultaneous dissociation and regrowth of hematite. Before the regrowth process, surface 
corrosion was intentionally induced to the hematite photoanodes using an HCl aqueous 
solution. This etching process was able to remove the disorder layer on hematite surface that 
could potentially affect the interface quality between the initial and regrown hematite.19 
During regrowth, the morphology changed gradually, through regrowth and dissociation 
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(Figure 4.3f and Figure 4.7a), from initial elongated grains (Figure 4.3e) to nanorods with 
higher aspect ratio (Figure 4.3g and Figure 4.7d).  
 
Figure 4.6. Photocurrent density-potential curves of 3 individual samples of 3% Sn-doped 
hematite after capillary force-induced self-assembly. 
The capillary force-induced nanocohesion and re-organization of hematite nanostructures 
were further investigated through cross-sectional SEM analyses, leading to lower film 
thickness of ca. 300 nm (Figure 4.8b) compared to initial thickness of ca. 2 μm (Figure 4.8a). 
The same phenomenon was also observed for pure hematite photoanodes (Figure 4.9). In 
contrast, chemically-induced morphology tuning process didn’t further change the films 
thickness (Figure 4.8c). Interestingly, contrary to the top-view SEM analyses, the cross-
sectional features of the hematite films are almost identical (insets of Figure 4.8a, b and c). 
Notably, after capillary force-induced self-assembly, the obtained photoanode upon 
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calcination showed better crystalline nature of hematite with enriched (110) facet (Figure 
4.8d, green line and Figure 4.10, magenta line), whereas the untreated one exhibited (104) 
facet-dominant crystalline structure of hematite (Figure 4.8d, red line and Figure 4.10, black 
line). Quantitatively, the (110)/(104) peak intensity ratio increased from 0.52 for the 
untreated hematite photoanode to 2.05 for ethanol-treated one. Conductivities in the (001) 
basal planes (in the [110] direction) have been measured up to 4 orders of magnitude higher 
than in the perpendicular direction.20-22 Therefore, this capillary force-induced preferential 
orientation of the hematite nanostructure could give rise to a better charge transfer property 
for photoelectrochemical water splitting. Moreover, during the chemically-induced 
morphological tuning process, the surface of hematite was dissolved and the newly grown 
structures also favoured the [110] directions (Figure 4.8d, violet line and Figure 4.7e).23 The 
UV-vis spectra of hematite photoanodes in this work (Figure 4.8e) matched well with the 
literatures with an absorption band edge of around 600 nm (band gap = ~2 eV).24, 25 The 
additional exponentially decaying absorption tail up to 700 nm was attributed to an Urbach 
tail formed by defect states in hematite.24 After capillary-induced re-organization of the 
hematite nanostructures, a decrease in absorption across the entire spectral range (Figure 4.8e, 
green line) was observed compared with the untreated one (Figure 4.8e, red line). During the 
chemically-induced morphological tuning process, an increase in absorption of the hematite 
photoanodes, across the entire spectral range, was observed with the increasing regrowth time 
(Figure 4.8e, violet line and Figure 4.7f). The hematite photoanode after 30 min regrowth 
with surface corrosion by HCl (Figure 4.7f, cyan line) showed a slightly lower absorption 
than the one without (Figure 4.7f, wine line), which could be attributed to the removal of the 
hematite surface layer by HCl. Moreover, during the chemically-induced morphological 
tuning step, the surface of hematite was dissolved and the newly grown structures also 
favored the [110] directions with a (110)/(104) peak intensity ratio of 1.46 (Figure 4.8). 
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Figure 4.7. SEM images of 3% Sn-doped hematite after (a) 30 min regrowth, (b) HCl 
treatment and 30 min regrowth, (c) HCl treatment and 1 h regrowth, (d) HCl treatment and 2 
h regrowth; (e) XRD patterns; (f) UV−visible light absorption curves. 
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Figure 4.8. Cross-sectional SEM analyses of (a) 3% Sn doped hematite photoanodes; (b) 
EtOH-treated hematite photoanodes; (c) hematite photoanodes after HCl treatment and 1 h 
regrowth; (d); XRD patterns of hematite photoanodes; (e) UV−visible light absorption curves. 
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Figure 4.9. Cross-sectional SEM analyses of (a) pure hematite photoanodes and (b) EtOH-
treated hematite photoanodes. 
 
Figure 4.10. XRD patterns of pure hematite photoanodes before and after EtOH treatment. 
Figure 4.11 showed the photoelectrochemical measurements of 3% Sn-doped hematite 
photoanodes. The hematite photoanode after capillary force-induced re-organization (Figure 
4.11a, green line) demonstrated a photocurrent density of 0.39 mA cm–2 at 1.23 V vs. RHE 
under simulated 1 sun in 1 M NaOH electrolyte, which is 12 times higher than the untreated 
one (0.033 mA cm–2 at 1.23 V vs. RHE, Figure 4.11a, red line). The same slopes of the 
untreated hematite and the one after capillary-induced re-organization, derived from the 
Mott-Schottky plots (Figure 4.11b, green and red lines), indicated that this physical 
morphology tuning process didn’t change the carrier densities. A larger arc radius 
demonstrated worse charge transfer kinetics at the electrode-electrolyte interface after 
capillary-induced re-organization than untreated hematite photoanode, as shown in Nyquist 
plots collected in the dark (Figure 4.11c). However, the smaller arc radius in Nyquist plots 
collected under illumination (Figure 4.11c) indicated a lower charge transfer resistance of the 
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hematite photoanode after capillary-induced re-organization. This improved parameter and 
the more efficient charge transfer process, confirmed by the positive shift of flatband 
potential by 0.1 V (Figure 4.11b), jointly led to the drastic enhancement of 
photoelectrochemical performance. The same trends were also observed for the pure hematite 
photoanode after capillary-induced self-assembly (Figure 4.12). Further enhancement of 
photoelectrochemical performance was achieved through chemically-induced morphological 
tuning, as shown in J-V curves of hematite photoanodes (Figure 4.11a, violet line and Figure 
4.13a). The photocurrent density of hematite photoanode after regrowth for 1 h increased by 
2 times reaching 0.787 mA cm–2 at 1.23 V vs. RHE under simulated 1 sun in 1 M NaOH 
electrolyte (Figure 4.11a, violet line). It is worth noting that the photoanode with surface 
corrosion with HCl (Figure 4.13a, cyan line) before regrowth demonstrated a higher 
photocurrent density (0.733 mA cm–2 at 1.23 V vs. RHE) than the one without (0.606 mA 
cm–2 at 1.23 V vs. RHE, Figure 4.13a, wine line), which is attributed to the removal of 
disorder layer on the hematite surface before regrowth (vide supra). Increasing the regrowth 
time to 2 h wasn’t able to further enhance the photoelectrochemical performance, with a 
comparable photocurrent density of 0.793 mA cm–2 at 1.23 V vs. RHE under simulated 1 sun. 
Interestingly, the morphology tuning regrowth process only increased the saturation 
photocurrent densities instead of changing the onset potential, which is in line with Grätzel 
and co-workers’ prediction.1 To elucidate the correlation between the drastically changed 
morphology and the enhanced photocurrents, electrochemical impedance measurements of 
these hematite photoanodes were carried out. Mott-Schottky plots were generated based on 
the capacitances derived from the electochemical impedance (Figure 4.13b), from which 
flatband potential and donor density can be calculated. The flatband potential of hematite 
after regrowth for 30 min without surface corrosion, 30 min, 1 h and 2 h with surface 
corrosion were determined to be 0.94, 1.02, 1.09 and 0.86 V vs. RHE, which are all much 
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higher than 0.45 V vs. RHE for hematite photoanode before regrowth. Positive shift of 
flatband potential for hematite after regrowth demonstrated the decrease of band bending. 
This decrease of band edge bending could be attributed to the increased electrode/electrolyte 
interface, which can facilitate the efficient charges transfer.6, 13 The donor densities could be 
estimated based on the following equation:  
                                                     𝑁𝑑 = (2/𝑒0𝜀ε0)[𝑑(1/𝐶
2)/𝑑𝑉]–1                                  (4.1) 
Where 𝑒0 is the electron charge, 𝜀 is the dielectric constant of hematite, ε0 is the permittivity 
of vacuum, 𝑁𝑑 is the donor density, and V is the potential applied to the electrode. With an 𝜀 
value of 80 for hematite,26 the electron densities were calculated to be 3.60 × 1019, 3.23 × 
1019, 4.24 × 1019, 1.16 × 1020, 3.21 × 1020 cm–3 cm–3 for initial hematite films, hematite after 
regrowth for 30 min without surface corrosion, 30 min, 1 h and 2 h with surface corrosion, 
respectively. It should be noted that hematite after regrowth for 2 h had a much higher 
electron density than the other regrown ones for shorter time, but its lower flatband potential 
indicated its relatively low charge transfer efficiency. In addition, the decreasing radius of the 
semi-circle in Figure 4.13c demonstrated a decreasing surface charge transfer resistance as 
the regrowth time increased. Small values of the surface charge transfer resistance suggested 
fast charge transport properties due to reduced recombination rates of electron-hole pairs for 
the high-aspect ratio nanorod morphology.10, 27 Furthermore, the Nyquist plots collected 
under illumination (Figure 4.13d) were also indicative of lower charge transfer resistance of 
the hematite after regrowth for a longer time. Chopped light chronoamperometry 
measurements (Figure 4.11d) matched well with the J-V curves, indicative of the good 
photostability of all hematite photoanodes in 1 M NaOH aqueous solution.  
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Figure 4.11. (a) Photocurrent density-potential curves under 1 sun light intensity at AM 1.5G 
condition. Dashed lines correspond to dark currents; (b) Mott–Schottky plots measured at 1 
kHz for 3% Sn-doped hematite. (c) Nyquist plots collected in the dark and under illumination. 
(d) Chronoamperometry at an applied potential of +1.2 V versus RHE under light-chopping 
conditions (1 sun, AM 1.5G). 
Furthermore, photo-assisted electrodeposition of CoOx on hematite photoanodes was 
investigated. As shown in Figure 4.14a, a cathodic shift of onset potential by 150 mV was 
observed for hematite photoanode after CoOx deposition, and the photocurrent density was 
increased to 1.014 mA cm–2 at 1.23 V vs. RHE under simulated 1 sun after 15 s CoOx 
deposition (Figure 4.14a, dark yellow solid line), which is due to the improved oxygen 
evolution kinetics.1 The CoOx deposition on hematite photoanode also led to higher light 
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absorption (Figure 4.14b). The incident photon-to-current efficiency (IPCE) values collected 
for hematite photoanodes as a function of wavelength at 1.2 V vs RHE were plotted in Figure 
4.14c. Both chemically-induced morphological tuning and CoOx deposition processes further 
improved IPCE at all photo wavelengths. Compared to EtOH-treated hematite photoanode, 
after chemically-induced morphological tuning process, the IPCE at short wavelength was 
enhanced more than that at long wavelength. This could be attributed to the unique structure 
after morphological tuning, resulting in short distance for photogenerated holes to diffuse to 
the semiconductor liquid junction and thus higher charge separation efficiency for 
photoelectrochemical water splitting. Optimum CoOx deposition on hematite photoanodes 
further increased the IPCE to 38.5% at 300 nm wavelength. The photocurrent spikes were 
observed during chronoamperometry measurements (Figure 4.14d) when the light was 
switched on and off. These positive photocurrent spikes upon switching the light on indicated 
the accumulation of holes at the hematite–electrolyte interface; whereas negative current 
spikes upon switching the light off represent the back reaction of electrons from the 
conduction band with the accumulated holes.28 Figure 4.15a showed the J-t curves of CoOx 
deposited hematite photoanode. The photocurrent declined rapidly in the first 30 minutes then 
was stabilized during the next 4-5 hours. The reduced photocurrent after the stability test 
could be recovered to the initial value once the hematite photoanode was washed with 
deionized water and measured in fresh electrolyte (Figure 4.15b). This phenomenon has also 
been observed by Cao et al.29 
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Figure 4.12. (a) Photocurrent density-potential curves under 1 sun light intensity at AM 1.5G 
condition; (b) Mott–Schottky plots measured at 1 kHz; (c) Nyquist plots collected in the dark; 
(d) Nyquist plots collected under illumination (1 sun, AM 1.5G) for pure hematite 
photoanodes; (e) UV−visible light absorption curves; (f) Chronoamperometry at an applied 
potential of +1.2 V versus RHE under light-chopping conditions (1 sun, AM 1.5G). 
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Figure 4.13. (a) Photocurrent density-potential curves under 1 sun light intensity at AM 1.5G 
condition; (b) Mott–Schottky plots measured at 1 kHz; (c) Nyquist plots collected in the dark; 
(d) Nyquist plots collected under illumination (1 sun, AM 1.5G). 
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Figure 4.14. (a) Photocurrent density-potential curves of hematite photoanodes with and 
without CoOx deposition. (b) UV−visible light absorption curves of hematite photoanodes 
before and after CoOx deposition. (c) Wavelength dependence of IPCE measurement at 1.23 
V vs. RHE. All the measurements were performed in 1 M NaOH solution under 1 sun light 
intensity at AM 1.5G condition. (d) Chronoamperometry at an applied potential of +1.2 V 
versus RHE under light-chopping conditions (1 sun, AM 1.5G). 
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Figure 4.15. Stability test. (a) Photocurrent density-time curves of hematite photoanodes with 
CoOx deposition at 1.2 V vs. RHE for 5 h. (b) Photocurrent density-potential curves of 
hematite photoanodes with CoOx before and after photocurrent density-time test for 5 h. 
4.3 Conclusion 
In summary, we have presented both physically- and chemically-induced morphology 
tuning of hematite nanostructures for photoelectrochemical water splitting, namely capillary 
force-induced self-assembly and chemically-induced dissociation and regrowth, drastically 
increasing the photocurrent by 24 times under 100 mW cm–2 air mass 1.5 global sunlight at 
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1.23 V vs RHE compared to the initial hematite photoanodes. Notably, capillary effect led to 
better crystalline nature of hematite with preferential orientation in the [110] direction. The 
enhancement of the PEC performance is attributed to the better conductivities in the (001) 
basal planes (in the [110] direction). Subsequent dissociation and regrowth of hematite 
nanostructures further improved the photoelectrochemical performance, resulting from 
improved light absorption, more efficient charge separation and surface charge transfer 
processes. Optimum photo-assisted electrodeposition of CoOx further increased the 
photocurrent to 1.014 mA cm–2 at 1.23 V vs. RHE under simulated 1 sun, with 
an IPCE reaching 38.5% at 300 nm wavelength. Our results and analyses with two drastically 
different morphology tuning processes provide a valuable insight for the development of high 
performance photoelectrodes with optimal morphology in photoelectrochemical cells, as well 
as other morphology-related applications. Our future work will focus on optimization of 
single/multiple co-catalysts and surface modification to further decrease the onset potential 
for the hematite photoanodes. 
4.4 Experimental Section 
4.4.1 Preparation of hematite photoanodes 
Iron oxide nanoparticle films were produced by flame spray pyrolysis of solutions 
containing iron(III) acetylacetonate. Combustible liquid solutions were prepared by 
dissolving iron(III) acetylacetonate (Sigma-Aldrich, 97%) in toluene (Sigma-Aldrich, 
anhydrous, 99.8%), to reach a total Fe-atom concentration of 0.1 M. Sn-doping was achieved 
by dissolving Tin (II) 2-ethylhexanoate (Sigma-Aldrich, ~95%) in the same solution. This 
solution was fed through a custom built nozzle at 3 ml min−1 rate, and atomised with an 
oxygen flow (5 L min−1, COREGAS grade 2.5) at a set pressure drop 2 bar. The resulting 
spray was ignited with a surrounding annular set of premixed methane/oxygen flame (CH4-
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flamlet = 1.2 L min
−1, O2-flamlet = 2 L min
−1, COREGAS grade 4.5). To prepare the photoanodes, 
the FTO coated glass substrates (TEC7, Dyesol) were cleaned by sonication for 10 min in 
acetone. The clean FTO glass substrates (1 cm × 3 cm) were mounted at a height above 
burner of 13 cm on a copper substrate holder with water cooling for iron oxide nanoparticle 
deposition. The size of coated FTO area is 1 cm × 1 cm. During deposition, the other parts of 
the FTO glass substrates were wrapped with aluminium foil to minimise additional 
contamination with iron oxide nanoparticles. The deposition time was 2 minutes. To obtain 
hematite phase, after deposition on FTO, the as-prepared iron oxide films were post-calcined 
in furnace at 550 oC for two hours (heating rate 10 oC min−1) and subsequently calcined at 
700 oC for 30 min in a pre-heated tube furnace (GSL-1100, MTI Corporation).  
4.4.2 Capillary force-induced self-assembly 
12 μL of ethanol was dropped on the edge of the as-prepared iron oxide nanoparticle films 
(1 cm × 1 cm). The ethanol then spread all over the films and induced re-organization of the 
nanoparticle networks. After this, the iron oxide films underwent the same calcination 
process (550 oC for 2 h and 700 oC for 30 min) to obtain hematite phase. 
4.4.3 Surface corrosion 
For etching of the surface disorder layer, the hematite photoanodes after capillary force-
induced self-assembly upon calcination were immersed in a glass vial with an aqueous 
solution consisting of 6.3 ml of deionized water and 0.7 ml of hydrochloric acid (Sigma-
Aldrich, ACS reagent, 37%) for 15 minutes.  
4.4.4 Chemical dissociation and regrowth of hematite 
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Dissociation of hematite and regrowth of FeOOH of initial hematite photoanodes was 
performed in a 10 ml solution containing 0.15 M iron (III) chloride hexahydrate (Sigma-
Aldrich, ≥ 98%), 7.5 mM Tin (IV) chloride pentahydrate (Sigma-Aldrich, 98%) and 1M 
sodium nitrate (Sigma-Aldrich, ≥ 99%). The reaction was carried out at 100 oC for 30 min 
and 1 h using oil bath. After rinsing with deionized water for several times, the films were 
calcined at 700 oC for 30 min to convert FeOOH into hematite. After regrowth for 1 h upon 
calcination, fresh solution was used for regrowth for another 1 h, which is referred to as 
regrowth for 2 h. To confine the regrowth only on the original hematite films, Kapton tapes 
were used to cover the other parts of the FTO substrate on both front and back side. The tapes 
were removed before post-regrowth calcination. 
4.4.5 CoOx deposition 
Photo-assisted electrodeposition of CoOx onto hematite was performed using an aqueous 
solution of 0.5 mM cobalt nitrate (Co(NO3)2•6H2O, Alfa Aesar, ACS, 98.0-102.0%) in 0.1 M 
sodium sulphate (anhydrous granular, Ajax Finechem) at 0.5 V vs. Ag/AgCl for 60 s under 1 
sun (AM 1.5G). 
4.4.6 Material Characterisation 
X-ray diffraction (XRD) analysis was run using a D2 Phaser, Bruker, USA. The 
morphology of iron oxide films was analysed by scanning electron microscopy (Zeiss 
UltraPlus analytical scanning electron microscope). UV-Vis spectrophotometric analyses 
were carried out using a microplate reader (Tecan 200 PRO, Switzerland) from 350 to 800 
nm with 10 scans per cycle. Bare FTO glass substrates were treated with pure toluene without 
iron precursor using same synthesis parameters as those for FeOx deposition, and then were 
calcined at 550 oC for 2 h and then 700 oC for 30 min before UV-Vis measurements.  
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4.4.7 Photoelectrochemical Characterization 
Photoelectrochemical performance of the electrodes was evaluated in a three-electrode 
configuration under AM 1.5G illumination using a potentiostat (660E, CH Instruments). 
Ag/AgCl in 3.0 M NaCl (+0.197 V vs. normal hydrogen electrode, NHE) and a Pt wire were 
used as reference and counter electrodes in 1M NaOH electrolyte (pH 13.6), respectively. 
The potentials were converted to the reversible hydrogen electrode (RHE) scale via the 
Nernst equation: VRHE  = VAg/AgCl + 0.197 V vs. NHE + 0.059 × pH. The photoresponse was 
measured using a solar simulator (LCS-100, Newport) equipped with a 100 W Xe lamp and 
an AM 1.5G filter, calibrated with a standard Si solar cell. The linear sweep voltammetry was 
scanned from -0.4 V to 0.6 V vs. Ag/AgCl at a speed of 20 mV/s. Photocurrent stability tests 
were conducted by measuring the photocurrent under 1 sun illumination at an applied bias of 
0.2 V versus Ag/AgCl for 5 h. Electrochemical impedance spectra were collected at open-
circuit voltage over a frequency range of 1-105 Hz with a 5 mV amplitude in the dark and 
under 1 sun illumination (AM 1.5G). The Mott-Scottky plots were collected from impedance 
measurements in the dark sweeping from -1.0 to 0.6 V vs. Ag/AgCl with 10 mV increments. 
The AC potential frequency was 1000 Hz with the amplitude of 5 mV. 
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Conclusion and Future Work 
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The global transition from fossil-based to clean fuels is hampered by the relative high cost of 
bulk hydrogen production via renewable technologies. Hydrogen evolution by the 
(photo)electrolysis of water is one of the most promising approaches to achieve an 
economical shift to sustainable fuels. However, highly efficient catalysis for very efficient 
photo(electrocatalytic) water splitting remains elusive. The half reaction water oxidation is 
very challenging due to the required substantial energy input and mechanistic complexities of 
this reaction. 
This thesis aims to investigate on the feasible methods, such as scalable flame synthesis, 
surface modification, morphological and structural tuning process, to improve the water 
splitting efficiency and understand the mechanism of water splitting catalysis. Amongst a 
large number of active materials for water splitting, a few promising earth-abundant 
nanostructured catalysts were demonstrated in this thesis for dark or solar-driven water 
splitting. 
5.1 Manganese oxide electrocatalysts 
Manganese oxides are earth-abundant, inexpensive and environmentally friendly 
electrocatalysts which are also utilized in the oxygen evolution centers of the photosystem II 
in green plants. Identification of active catalytic sites of manganese oxides for oxygen 
evolution as well as establishing scalable synthetic routes has attracted extensive research 
interest. In Chapter 2, three types of manganese oxide nanoparticles with different oxidation 
states, specific surface area and crystal structures have been systematically investigated and 
compared. In addition, the catalytic activity was also influenced by the morphology of the 
nanostructured catalysts.  The synthesized manganese oxides demonstrated much more active 
catalytic activity than commercial ones. In this chapter, properties of electrocatalysts were 
comprehensively investigated.  
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5.2 Cobalt oxide electrocatalysts integrated with GaN light absorber 
In Chapter 3, another earth-abundant electrocatalyst Co3O4 was synthesized and 
demonstrated. This work focused on the investigation of the electrocatalytic properties of 
cobalt oxide nano-islands. It was one of the most active cobalt oxide electrocatalysts reported 
in literature, which also demonstrated excellent mechanical and chemical stability. After 
integration of Co3O4 into GaN nanowire photoanodes, the Co3O4-GaN photoanodes revealed 
significantly reduced onset overpotentials, improved photoresponse and photostability 
compared to the bare GaN ones. This work showcased the system of light-absorber with 
metal oxide electrocatalysts as co-catalysts for efficient solar-driven water splitting.  
5.3 Hematite light absorber for solar-driven water splitting 
In Chapter 4, the semiconductor hematite with suitable bandgap for solar-driven water 
oxidation was investigated. Both physically- and chemically-induced morphology tuning 
processes, namely capillary force-induced self-assembly and chemically-induced dissociation 
and regrowth, were developed to drastically improve the water oxidation performance of 
hematite photoanodes. This work mainly focused on the investigation of photoelectrocatalytic 
properties of the nanostructured hematite. The photoelectronchemical performance was 
significantly enhanced by tuning structure, changing crystalline preferential orientation and 
modifying surface of hematite. Cobalt oxides as co-catalysts further improved the 
performance, which is consistent with the results in Chapter 3.  
5.4 Summary and future work 
In this thesis, nanostructured semiconductors as electrocatalysts and photoelectrocatalysts 
for water splitting were investigated. The adaption of flame spray pyrolysis to the deposition 
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of water splitting catalysts has provided a scalable, time- and cost-efficient approach that 
could be utilized for the fabrication of a variety of nanostructured catalyst coatings. The 
synthesis process and produced materials could be further optimized through several methods 
as described in Chapter 2-4, such as doping, changing specific surface area and tuning 
morphological and structural properties. The interaction between electrocatalysts and 
photoelectrocatalysts was discovered, however, needs to be further characterized to 
understand the role of specific electrocatalysts in promoting or deterring the activity and 
stability of the photoelectrocatalysts. The better understanding of the catalytic mechanisms 
for electrochemical and photoelectrochemical water splitting could greatly contribute to their 
subsequent optimization. Furthermore, new computational approaches are expected to resolve 
many long-standing difficulties regarding elusive, short-lived intermediates and kinetic 
bottlenecks.  
Hydrogen evolution has a great potential to achieve a major breakthrough in the near 
future after a deeper understanding  of the working mechanism of water splitting catalytic 
systems, the synthetic process of efficient light-harvesting and water oxidation/reduction 
catalysts, together with advanced engineering solutions.  A practicable, viable and large-scale 
hydrogen production method could contribute to a world-wide clean energy storage and 
supply.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
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Abstract 
Superhydrophobic materials with excellent humidity tolerance, high porosity and light 
transmittance are being investigated for numerous applications including moisture-sensitive 
catalysts and perovskite solar cells. Here, we report the one-step solvent-free synthesis of 
ultraporous superhydrophobic nano-layers by the on-the-fly functionalization of nanoparticle 
aerosols. Short exposure of surfaces to hot Mn3O4, ZnO and TiO2 aerosols results in 
ultraporous nanoparticle networks with repulsive dewetting state approaching ideal Cassie-
Baxter superhydrophobicity. In addition to showcasing sliding angles of ca. 0 and very low 
contact angle hysteresis of 3o ±2o, these optimal nano-layers have up to 98% porosity and 
pore size of several micrometres, a key feature to enable efficient  penetration of gases to the 
substrate surface. The stability of this ultraporous superhydrophobic morphology is 
demonstrated by rapidly applying Moses effect-functionality to substrates that parts water up 
to 5 mm high. This scalable synthesis method offers a flexible and rapid approach for the 
production of numerous moisture-resistant devices including gas sensors, catalysts and 
perovskite solar cells. 
 
 
 
203 
 
A.1 Introduction 
Superhydrophobic surfaces, which mimic the lotus-effect with static water contact angles 
of more than 150° and sliding angles of less than 10°, have traditionally been applied to self-
cleaning coatings,1 microfluidics,2 impermeable textiles,3 lab-on-a-chip devices,4 and drug 
screening5. More recently, highly porous and transparent superhydrophobic materials are 
being sought for application in the fields of catalysis and photovoltaics.6, 7 For example, the 
stability of moisture-sensitive perovskite-based solar cells was significantly enhanced 
through passivation with an hydrophobic coating.7 Hydrophobic polymer-coated manganese 
oxides and cobalt oxides have been recently reported for effective low-temperature (100 °C) 
oxidation of CO under moisture-rich conditions.6 Similarly, state-of-the-art replacements of 
noble metal-based catalytic converters rely on earth-abundant transition metal oxides such as 
Co3O4. The latter are, however, rapidly deactivated by even trace amounts of moisture (3 
ppm) in the feed gases and super-dry conditions are required for ensuring long-term catalytic 
performance.8-10 This laborious pre-treatment is not economically practical for many 
applications. Similarly, for solid-state gas analysis devices, the sensor responses is often 
compromised by humidity.11  
A scalable gas-phase process for the facile fabrication of tailored superhydrophobic 
ultraporous and transparent coatings and membranes on complex non-flat surfaces bears 
significant potential. Aerosol deposition of flame-made nanoparticles12 and radicals13 has 
been demonstrated as a scalable and rapid approach for the fabrication of superhydrophilic 
coatings. More recently, synthesis of superhydrophobic TiO2 coatings has been achieved on 
organic substrates such as paper, carton and wood that may provide a source of hydrophobic 
functional groups.14 Engineering a substrate material independent and on-the-fly 
functionalization approach for flame-made nanoparticle aerosols would provide a practical 
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solution to the laborious multi-steps process required for state-of-the-art superhydrophobic 
functionalization.15  
Here, we report a one-step scalable approach for the solvent-free synthesis of gas-
permeable superhydrophobic nano-layers that can be applied to any type of substrate material 
and surface topography. On the-fly-functionalization of flame-made aerosols is demonstrated 
for three well-known metal oxide catalysts, namely Mn3O4, ZnO and TiO2. Their rapid 
aerosol deposition on a variety of substrates results in a characteristic ultraporous 
nanoparticle network morphology with pore size of several micrometers. The wetting 
properties of these nano-layers are investigated by static and dynamic contact angle 
measurements revealing very low contact angle hysteresis and sliding angles of 0°. These 
findings demonstrate a novel low-cost, flexible approach for fabrication of ultraporous gas-
permeable superhydrophobic nano-layers with potential in various applications including 
dewetting coatings, gas-sensing, moisture-resistant catalysts and solar cells. 
Table A.1 Precursors and synthesis parameters of Mn3O4, TiO2, SiO2 and ZnO nano-layers. 
Metal 
oxide 
Solute Solvent 
Metal-atom 
concentration 
(mol L−1) 
LR 
(ml/min) 
O2-P 
(L/min) 
P 
(bar) 
 
(cm)
Deposition 
time 
(min) 
Mn3O4 
Manganese(III) 
acetylacetonate 
Acetonitrile & 
2-ethylhexanoic 
acid (1:1 
volumetric 
ratio) 
0.2 4 5 2 17 3 
TiO2 
Titanium isopropoxide 
& acetylacetone (1:4 
mole ratio) 
Acetonitrile & 
2-ethylhexanoic 
acid (1:1 
volumetric 
ratio) 
0.2 4 5 2 17 3 
SiO2 
Hexamethyldisiloxane 
& acetylacetone (1:3 
mole ratio) 
Acetonitrile & 
2-ethylhexanoic 
acid (1:1 
volumetric 
ratio) 
0.2 4 5 2 17 3 
ZnO Zinc naphthenate Xylene 0.3 4 
3 2 
20 3 
5 3 
LR:  precursor feed rate, O2-P: dispersion O2, P: atomization pressure, HAB: height above burner. 
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A.2 Results and discussion 
 
Figure A.1. (a) Schematic diagram of one-step synthesis of ultraporous superhydrophobic 
nano-layers. TEM images of as-synthesized (b) Mn3O4, (c)TiO2, (d) ZnO and (e) SiO2 
nanoparticles, (f) XRD patterns and (g,h) FTIR spectra of the as-synthesized nanoparticles.  
Figure A.1a shows a schematic of the one-step functionalization and self-assembly 
approach. An aerosol of nanoparticles is generated by flame spray pyrolysis of liquid 
solutions containing the target metal oxide atoms. As complete combustion requires a 
significant amount of surrounding air entrainment,16 the flame core initially experiences sub-
stoichiometric O2 concentrations and high temperatures (> 2000 °C).
16 Upon nucleation the 
surface of these suspended nanoparticles can catalyse in-situ the pyrolysis of the solvent 
leading to the on-the-fly chemi- and physisorption of hydrophobic organic groups. As the 
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high temperature residence time of the particles is in the range of few milliseconds,17 high 
catalytic activity and surface energy are required for successful functionalization. The 
feasibility of this functionalization mechanism is demonstrated by flame synthesis of 
exemplary catalytic Mn3O4, ZnO, TiO2 and inert SiO2 nanoparticle aerosols. To mitigate the 
impact of the solvents on the functionalization kinetics, similar precursor solutions were 
designed for Mn3O4, TiO2 and SiO2 (Table A.1). Nanoparticles of ZnO were also synthesized 
using vastly different precursor composition and process parameters demonstrating the key 
role of surface chemistry for efficient on-the-fly functionalization.  
The average TEM primary particle diameters (dTEM) of Mn3O4, TiO2 and ZnO (Figure 
A.1b-d) were 15 nm, 18 nm and 22 nm, respectively. For SiO2, it was not possible to 
determine a clear primary particle size (Figure A.1e) due to their strong coalescence during 
synthesis, in line with previous observations18. Figure A.1f shows the XRD patterns of the 
corresponding nanoparticle powders collected from the aerosols. The manganese oxide, 
titania and zinc oxide nanoparticles were crystalline. The XRD spectrum of manganese oxide 
corresponded to pure hausmannite Mn3O4. The titania nanoparticles were composed of ca. 
97wt% antatase and 3wt% rutile. XRD spectrum of zinc oxide corresponds to the hexagonal 
wurtzite ZnO structure. Their crystal structures were further confirmed by high-resolution 
TEM (Figure A.2) and matched well the spacing of Mn3O4 [101], TiO2 [200] and ZnO [100] 
planes, respectively. The Mn3O4, TiO2 and ZnO average crystal sizes (dXRD) were 13, 12 and 
15 nm, respectively.  The silica nanoparticles were completely amorphous, in line with 
previous reports on flame-made SiO2.
18 Fourier transform infrared spectroscopy (FTIR) 
analysis of the Mn3O4 samples (Figure A.3) revealed three absorption bands between 400 and 
650 cm−1 that correspond to the Mn-O stretching modes. At wavenumbers below 1200 cm−1 
(Figure A.3), the ZnO, TiO2 and SiO2 also show the specific metal-O peaks. In contrast, 
above wavenumbers of 1300 cm−1 (Figure A.3 and Figure A.1g,h), similar FTIR spectra were 
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observed for the superhydrophobic Mn3O4, TiO2, and ZnO. In particular, the peaks between 
2850 and 3000 cm−1 were attributed to C-H stretching.19, 20 Two broader peaks centred at 
1420 and 1530 cm−1 were assigned to the C-H bending and C-C stretching vibrations, 
respectively.19, 20 Notably, all these organics peaks were missing in the FTIR spectra of the 
silica samples (Figure A.3 and Figure A.1g,h), indicating the lack of hydrocarbons on the 
SiO2 nanoparticle surface. 
 
Figure A.2. High-resolution TEM images of as-synthesized (a) Mn3O4, (b) TiO2 and (c) 
ZnO nanoparticles. 
 
Figure A.3. FTIR spectra of the as-synthesized nanoparticles. 
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Figure A.4. SEM images of (a,b) Mn3O4, (c,d) TiO2 and (e,f) SiO2 nano-layers. (g) UV-Vis 
transmission spectra of Mn3O4, TiO2 and SiO2 nano-layers. 
Ultraporous nano-layers were self-assembled by orthogonal impingement of these hot 
aerosols on water cooled substrates. SEM images of the Mn3O4 (Figure A.4a,b), TiO2 (Figure 
A.4c,d), SiO2 (Figure A.4e,f) and ZnO (Figure A.5a,b) nano-layers show a particle-
independent ultraporous morphology similar to that recently reported for flame synthesis of 
ZnO UV-photodetectors.21 The pore size varied from hundreds of nanometers to several 
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micrometers. This hierarchical texture derives from the diffusion-driven nanoparticle 
deposition mechanism22, 23 and is expected to promote the formation of a superhydrophobic 
Cassie-Baxter dewetting surface24, 25. However, the optical losses differed significantly across 
these materials. At λ = 500 nm, the light transmittance (Figure A.4g and Figure A.5c) through 
the Mn3O4, TiO2, ZnO and SiO2 nano-layers, deposited on glass slides, was 63%, 83%, 75% 
and 70%, respectively. 
 
Figure A.5. (a,b) SEM images and (c) UV-Vis transmission spectrum of ZnO nano-layers. 
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Figure A.6. Contact angle (CA) and sliding angle (SA) measurements of (a) Mn3O4, (b) TiO2, 
(c) ZnO, and (d) SiO2 nano-layers. The lower measured CA of the Mn3O4 nano-layers may be 
attributed to the effect of the needle required to keep the droplet on their surfaces. 
Figure A.6 shows the wetting properties of these ultraporous nano-layers. The Mn3O4 
(Figure A.6a), TiO2 (Figure A.6b) and ZnO (Figure A.6c) nano-layers were highly 
superhydrophobic with water contact angles (WCA) of 161o ±1o, 168o ±2o and 165o ±1o, 
respectively and a lotus-like dewetting state. The sliding angle (SA) of Mn3O4 nano-layers 
was estimated to 0° (Figure A.6a) as the droplet rolled off from the flat surface as soon as 
released. This is supported by the very low (3o ±2o) contact angle hysteresis (CAH) of the 
Mn3O4 as determined by dynamic water contact angle measurements (Figure A.8a). The SAs 
of the TiO2 (Figure A.6b) and ZnO (Figure A.6c) nano-layers were 6.7
o ±0.8o and 10.4o ±0.4o, 
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respectively. These weaker dewetting states were reflected in their higher CAH of 10o ±2o 
and 12o ±2o, respectively (Figure A.8b,c). Nevertheless, all the catalytic nanoparticle (Mn3O4, 
TiO2 and ZnO) nano-layers resulted in a Cassie-Baxter superhydrophobic surface. Notably, 
mild variation in the synthesis parameters such as O2 atomization flow rate were investigated 
for the ZnO nano-layers and did not affect the resulting wetting properties that remained 
superhydrophobic with CA of 168o ±2o, SA of 3.8o ±0.9o and CAH of 7o ±2o (Figure A.7). In 
stark contrast, deposition of the inert SiO2 nanoparticles resulted in a classic Wenzel state 
superhydrophilicity (Figure A.6d). This is particularly significant considering that all the 
SiO2 nano-layers were synthesized with the same solvents and process conditions as the 
catalytic Mn3O4 and TiO2 ones. This effect was further investigated by dynamic water contact 
angle measurements. Upon releasing a droplet of water on the SiO2 nano-layers (Figure A.8d), 
the CA reached ca. 7o within 0.5 s indicating a superhydrophilic surface. These findings 
further support the proposed on-the-fly functionalization mechanism that relies on the 
catalytic activity and high surface energy of the in-situ synthesized nanoparticles.  
 
Figure A.7. (a) Contact angle and sliding angle measurements and (b) Dynamic contact angle 
measurements of ZnO nano-layers (oxygen dispersion rate is 5 L min–1). 
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Figure A.8. Dynamic contact angle measurements of the utlra-hydrophobic (a) Mn3O4, 
superhydrophobic (b) TiO2 (c) ZnO, and superhydrophilic (d) SiO2 nano-layers. 
More in detail, the superhydrophilicity (Figure A.6d and Figure A.8d) of the SiO2 nano-
layers is attributed to its inert surface and relatively low surface energy (0.287 J m−2)26. This 
decreases the pyrolysis of the organic solvents and in-situ chemi-/physisorption of the 
hydrocarbons. In fact, the catalytically active Mn3O4 and TiO2 nanoparticles with 
significantly higher surface energies (1.62 J m−2 and 0.74-2.22 J m−2, respectively) 27, 28 than 
SiO2 also had measureable adsorption of hydrocarbons (Figure A.1g,h). To exclude the effect 
of the precursor solution composition, ZnO nano-layers were later produced using vastly 
different chemicals (Table A.1). Superhydrophobicity with comparable CA, SA and CAH 
with the Mn3O4 and TiO2 was achieved. This is in line with the catalytic activity of ZnO and 
its high surface energy (2.55 J m−2)29. Importantly this on-the-fly functionalization approach 
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requires only milliseconds in comparison with the hours to days required by state-of-the-art 
hydrophobization methods30, 31. 
The difference in the wetting state of the catalytic nano-layers is further discussed along 
their CAH and SA analyses. The CAH relates to the ability of a surface to resist the 
movement of a droplet. Both chemical and physical heterogeneities of the surface can 
increase the CAH.14 However, due to the undistinguishable fractal-like morphology of the 
nano-layers reported in this work, physical heterogeneities cannot explain the significant 
CAH variations (Figure A.8a-d) observed across different nano-layers. The Mn3O4 nano-
layers were noted to possess much lower SAs and CAHs than TiO2 and ZnO nano-layers, 
showcasing an example of ultra-hydrophobicity. This is tentatively attributed to the higher 
activity of the manganese oxide surface with organics.32 In fact, it is known that Mn (III) 
plays an important role in oxidation of organic compounds.32 This may increase the effective 
loading of the hydrocarbon on the Mn3O4 surface during pyrolysis of the precursor solutions 
and possibly lead to stronger bonding. This hypothesis is confirmed by thermogravimetric 
analysis (TGA) showcasing 11% weight loss of hydrocarbon on the surface of Mn3O4 
compared to 2% for TiO2 and 0.5% for ZnO (Figure A.9).  It has also been reported that, in 
addition to typical van der Waals33, 34 and hydrogen bonding35, hydrocarbon absorption 
through covalent bonding is also a possible adsorption mechanism36.  
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Figure A.9. TGA of as-synthesized Mn3O4, TiO2 and ZnO nanoparticles. 
To assess the potential for applications such as moisture-tolerant catalysts6, 37-41 and low-
temperature gas sensing,42-45 the heat-resistance of the optimal Mn3O4 nano-layers was 
investigated by sintering at 150 and 200 oC in air. Notably, up to 150 oC, a superhydrophobic 
state with CA of 163o ±1o, SA of ca. 0o and CAH of 5o ±3o (Figure A.10a-c) was preserved. 
This is in line with the FTIR analysis (Figure A.10g) revealing a nearly identical spectrum to 
the as-prepared Mn3O4 nano-layers (Figure A.3 and Figure A.1g,h). After sintering at 200
 oC, 
the Mn3O4 nano-layers became superhydrophilic (Figure A.10d-f). This is in agreement with 
the absence of C-H and C-C groups in the FTIR spectra of the 200 oC sintered samples. 
(Figure A.10g).  
The flexibility of this one-step synthesis approach is showcased by rapid coating of several 
exemplary substrates. Figure A.12a-c and Figure A.13 show optical images of the 
superhydrophobic Mn3O4 and TiO2 nano-layers on glass slides and coins, respectively. The 
semi-transparent appearances of the Mn3O4 and TiO2-coated glass slides (Figure A.12a and 
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Figure A.13) are in line with their UV-Vis spectra (Figure A.4g). Notably, these 
superhydrophobic surfaces show Moses-effect features with the ability to part water up to 5 
mm high (Figure A.12b,c). These results demonstrate the applicability of this on-the-fly 
functionalization approach for the rapid fabrication of dewetting surfaces independently of 
the substrate composition and geometry.  
 
Figure A.10. Contact angle and sliding angle measurements of Mn3O4 nano-layers sintered at 
(a,b) 150 oC and (d,e) 200 oC for 3 hours. Dynamic contact angle measurements of Mn3O4 
nano-layers sintered at (c) 150 oC and (f) 200 oC for 3 hours. (g) FTIR spectra of Mn3O4 
nanoparticles sintered at 150 oC and 200 oC for 3 hours. 
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Anticorrosion test was performed by deposition of Mn3O4 layers on iron staples and 
repeated wetting using salt solutions with similar concentration to sea water for 14 days. In 
stark contrast to the bare ones, the staples coated with the superhydrophobic nano-layers have 
no rust forming on their surface (Figure A.14). The robustness of the nano-layer 
superhydrophobicity was tested by multi-droplets water contact angle experiment 
demonstrating stability up to more than 2400 droplets (Figure A.15). As the robustness is not 
the focus of this work, further efforts will be spent on mechanical robustness improvement in 
the following work. The long-term stability of these nano-layer surfaces was assessed by up 
to 442 days storage in open atmosphere conditions maintaining their superhydrophobicity 
with CA of 167o ±2o, SA of 0o and CAH of 2 ±2o (Figure A.16). This good long-term 
stability is attributed to the intrinsically low surface energy of superhydrophobic surfaces. 
 
Figure A.11. A photograph of the water droplet on glass slide with polyurethane-acrylic 
based binder coating before superhydrophobic nanoparticle deposition. 
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Figure A.12. Photograph of the superhydrophobic (a) TiO2 nano-layers on the glass slide. 
Moses effect of the superhydrophobic (b) Mn3O4 and (c) TiO2 nano-layers on coins. The 
liquid is water that has been colored with a blue dye to increase the optical contrast. 
 
218 
 
 
Figure A.13. Photograph of the superhydrophobic Mn3O4 nano-layer on the glass slide. 
 
Figure A.14. Anticorrosion properties of the ultraporous superhydrophobic Mn3O4 layers 
deposited on iron staples (a) before and (b) after repeated wetting with a salt solution (35 g 
L–1 NaCl in deionized water). 
 
Figure A.15. Contact angle measurements of TiO2 nano-layers after stability test with (a) 
1200 and (b) 2400 sequential droplets. 
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Figure A.16. Contact angle characterization of Mn3O4 nano-layers stored in petri dishes for 
(a-c) 87 and (d-f) 442 days. Dynamic contact angle measurements of Mn3O4 nano-layers 
stored in petri dishes for (g) 87 and (h) 442 days. 
A.3 Conclusions 
In summary, synthesis of ultraporous gas-permeable superhydrophobic nano-layers was 
demonstrated by a one-step substrate-independent approach. This continuous on-the-fly 
functionalization of nanoparticle aerosols enables rapid formation of dewetting ultraporous 
nanostructure morphologies within few minutes. It was found that the hydrophobization 
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mechanism requires high catalytic activity and surface energy of the nanoparticles and can be 
easily implemented for several metal oxides such as Mn3O4, ZnO and TiO2.  Ultra-
hydrophobicity with lotus-like dewetting state was achieved by the Mn3O4 nano-layers 
showcasing sliding angles of 0 o and contact angle hysteresis of 3o ±2o. We envision that this 
aerosol deposition method can be easily implemented for the coating of a large number of 
substrates and geometries such as concave-convex patterns. Furthermore, these 
superhydrophobic catalysts possess a mild heat resistance, an important property for their 
utilization in moisture-resistant coatings for applications in catalysis, sensors and perovskite 
solar cells. 
A.4 Experimental section 
A.4.1 Synthesis of Mn3O4 nano-layers 
Manganese oxide nano-layers were produced by flame spray pyrolysis of solutions 
containing a readily available manganese complex, manganese(III) acetylacetonate. 
Combustible liquid solutions were prepared by dissolving manganese(III) acetylacetonate 
(Aldrich) in a 1:1 (volumetric ratio) mixture of acetonitrile (Sigma-Aldrich, purity > 99.5%) 
and 2-ethylhexanoic acid (SAFC, purity > 99%), to reach a total Mn-atom concentration of 
0.2 mol L−1. This solution was fed at 4 ml min−1 rate through a custom build nozzle, and 
atomized with an oxygen flow (O2-P = 5 L min
−1, COREGAS grade 2.5) at a set pressure 
drop (P = 2 bar).  The resulting spray was ignited with a surrounding annular set of 
premixed methane/oxygen flame (CH4-flamlet = 0.5 L min
−1, O2-flamlet = 0.8 L min
−1, 
COREGAS grade 4.5). The FTO coated glass substrates (TEC7, Dyesol) were cleaned by 
sonication for 10 min in acetone before deposition. The clean substates were mounted at a 
height above burner (HAB) of 17 cm on a copper substrate holder with water cooling for 
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Mn3O4 deposition. The deposition time is 3 minutes. Water cooling was used to avoid 
overheating of the substrates keeping the temperatures between 80 and120 °C. 
A.4.2 Synthesis of ZnO nano-layers 
Zinc oxide nano-layers were produced by flame spray pyrolysis of solutions containing 
zinc naphthenate. Combustible liquid solutions were prepared by dissolving zinc naphthenate 
(Strem) in xylene, to reach a total Zn-atom concentration of 0.3 mol L−1. This solution was 
fed at 4 ml min−1 rate through a custom built nozzle, and atomized with an oxygen flow (3 
and 5 L min−1, COREGAS grade 2.5) at a set pressure drop (P = 2 and 3 bar).  The resulting 
spray was ignited with a surrounding annular set of premixed methane/oxygen flame (CH4-
flamlet = 0.5 L min
−1, O2-flamlet = 0.8 L min
−1, COREGAS grade 4.5). The substates were 
mounted at a heigh above burner (HAB) of 20 cm on a copper substrate holder with water 
cooling for ZnO deposition. The deposition time is 3 minutes.  
A.4.3 Synthesis of TiO2 nano-layers 
Titanium isopropoxide (Sigma-Aldrich, purity ≥97%) was first mixed with acetylacetone 
(Sigma-Aldrich, purity ≥99%).  The mole ratio of them was 1:4. Then the solution was 
diluted with 1:1 (volumetric ratio) mixture of acetonitrile (Sigma-Aldrich, purity > 99.5%) 
and 2-ethylhexanoic acid (SAFC, purity > 99%), to reach a total Ti-atom concentration of 0.2 
mol L−1. This final solution was used as precursor for flame spray pyrolysis. The synthesis 
parameters were exactly the same as those for synthesis of Mn3O4 nanoparticles. 
A.4.4 Synthesis of silica nano-layers 
Silica nano-layers were produced by flame spray pyrolysis of solutions containing 
hexamethyldisiloxane. Combustible liquid solutions were prepared by dissolving 
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hexamethyldisiloxane (Sigma-Aldrich, purity ≥ 98.5%) and acetylacetone (Sigma-Aldrich, 
purity ≥99%) in a 1:1 (volumetric ratio) mixture of acetonitrile (Sigma-Aldrich, purity > 
99.5%) and 2-ethylhexanoic acid (SAFC, purity > 99%), to reach a total Si-atom 
concentration of 0.2 mol L−1 and 0.6 mol L−1 acetylacetone. The synthesis parameters were 
exactly the same as those for synthesis of Mn3O4 nanoparticles. 
A.4.5 Industrial composite multi coats on coins and glass slides 
Demonstrating the suitability of these aerosol derived spray nano-layers s for industrially 
viable multi coats, an in-house developed polyurethane-acrylic based binder was used as a 
base coat prior to the deposition of these fractal-like nanoparticles. These treated substrates 
were then deposited with TiO2 and Mn3O4 nanoparticles by flame aerosol synthesis for 150 
seconds at a HAB of 20 cm. Other synthesis parameters remain identical to the conditions 
previously described in this work. These combined coats could were deposited on various 
substrates, and was presented, specifically on glass and coins. The latter, proved to be fairly 
water stable, and readily demonstrated the Moses effect when placed in a petri dish of water 
(ca. 5 mm height).  
A.4.6 Material Characterization 
Manganese oxide, zinc oxide and silicon oxide nanoparticles were analysed using a 
Hitachi H7100FA 125 kV transmission electron microscope (TEM). X-ray diffraction 
analysis was run using a D2 Phaser, Bruker, USA. Morphology of nanoparticle films was 
analysed by scanning electron microscopy (Zeiss UltraPlus analytical scanning electron 
microscope (FESEM)) and WLI. Prior to examination, SEM specimens were platinum 
sputter-coated for 2 min at 20 mA with a thickness of 1-2 nm. The composition of 
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nanoparticles was investigated by Fourier transform infrared spectroscopy (FTIR-ATR, 
Bruker-Alpha, U.S.A). 
A.4.7 Calculation of nano-layers transparency 
The total transmittance measured after deposition of the film, Ts+f,λ, can be decomposed 
into transmittance of a bare substrate, Ts,λ, measured before deposition of the film and 
transmittance of the film itself. The transmittance of the film can be extracted from these two 
measurements by taking the ratio of the transmittance of both the substrate and film to the 
transmittance of the substrate alone as shown below: 
                                                                      𝑇𝑓,λ =
𝑇𝑠+𝑓,λ
𝑇𝑠,λ
                                                     (A.1)                       
A.4.8 Thermogravimetric analysis (TGA) 
7-10 mg of Mn3O4, TiO2 and ZnO nanoparticles were used for the measurements 
(STA8000, PerkinElmer) with air purging (20 ml min−1). Background was determined by 
running TGA with empty crucibles under the same conditions.  The TGA data of Mn3O4, 
TiO2 and ZnO nanoparticles were then plotted after subtracting the background. 
A.4.9 Contact-angle measurements 
It is worth mentioning that all the wetting characterizations in this work were initially 
conducted within half an hour of nano-layer synthesis. This minimizes the effects of 
excessive hydrocarbon adsorption from the atmosphere onto nanoparticle surfaces, a 
phenomenon widely reported for high surface energy nanomaterials.30, 31 In addition, 
considering the self-cleaning property of TiO2 under UV illumination,
46, 47 as-prepared TiO2 
nano-layers were kept in darkness before wetting characterizations. 
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Static water contact angles (WCAs) was measured by placing and averaging 3 drops of 
deionized water (5 µL) on sample surfaces using the sessile drop method. Superhydrophobic 
interfaces demonstrating a sliding angle (SA) with negligible tilt were classified under the SA 
of 0°. Higher SAs and were analyzed via a custom-built tilting goniometer. The contact angle 
hysteresis (CAH) was measured via the drop-in drop-out technique which provided the 
average advancing contact angle (ACA) at 9.5 µL and the average receding contact angle 
(RCA) at 2 µL. Dynamic and static images were recorded using a KSV CAM200 contact 
angle goniometer (Finland) with a heliopan ES43 camera (Japan). The CA, SA and CAH 
were computed by a commercially available (CAM2008) program. Data was presented as 
mean ± standard deviations. 
Mechanical robustness tests with sequential droplet analysis were performed by placing the 
needle tip at 10 mm height above the tilted superhydrophobic nano-layers (tilting angle ≈ 40o) 
deposited on glass slides with polyurethane-acrylic based binder coating. The droplet volume 
is ca. 5 µL. 
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Abstract 
Thermochemical energy storage (TES) combined with concentrated solar power is a 
promising renewable technique for production of electricity to power our planet. Metal 
oxides with high energy storage density and high temperature resistance are promising 
materials for thermochemical heat storage via redox cycles. Amongst those candidates, 
relatively earth-abundant manganese and cobalt oxides demonstrate favourable 
thermodynamic properties. Herein, Co and Mn-based spinels Co3O4, Co2MnO4 and CoMn2O4 
was synthesized using a facile method. Their potential as redox couples for TES was 
investigated by thermogravimetric analysis (TGA) and compared with commercial spinel 
Mn3O4. Co2MnO4 shows a similar cubic crystal structure to Co3O4, whereas a tetragonal 
crystal structure was observed for both CoMn2O4 and Mn3O4. After thermochemical 
reduction, Co2MnO4 and CoMn2O4 are converted to crystal structures that are isomorphic 
with CoO and MnO, respectively. Notably, onset reduction and oxidation temperatures are 
both increasing with Mn content. The robustness of each material for TES was also 
investigated upon 20 thermochemical redox cycles. We envision that the active Co and Mn–
based spinels with tunable redox temperatures could potentially match well with the optimum 
operation temperature determined by system design optimization. 
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B.1 Introduction 
Thermochemical energy storage (TES) combined with concentrated solar power is a 
promising technique for production of electricity. TES based on redox (or reduction-
oxidation) cycles of metal oxides can be driven by concentrating solar thermal process. The 
high-temperature reduction of the cycle stores thermal energy within the material. At slightly 
lower temperatures another chemical reaction, namely exothermic oxidation, releases the 
thermal energy for electricity generation.  
Several parameters are critical for estimation and selection of the promising metal oxides 
for TES via redox cycles: thermodynamics, energy storage density, materials costs, reaction 
kinetics, toxicity and the cycling behaviour. Redox couples of several materials, such as 
Fe2O3, Co3O4, Mn2O3, Mn3O4 and CuO, have been analysed and compared by Wong et al. 
Based on the aforementioned characteristics, Co3O4/CoO is the most suitable redox couple 
for TEC due to its good re-oxidation kinetics and superior energy storage density. Although 
the cobalt oxide shows desirable potential for thermochemical energy storage, it has 
disadvantages such as toxicity, cost-ineffectiveness, less earth-abundance (20-30 parts per 
million). The reduction temperature of Co3O4 is ca. 885 
oC,1, 2 limiting the outlet temperature 
of the reoxidation reactor/power cycle input. Furthermore, kinetics are slow at temperatures 
below 700 oC,1 constraining the heat release during oxidation to the narrow temperature range 
of 700-885 oC.3 With respect to the endothermic reduction of pure manganese oxide, it 
displays a lower theoretical reaction enthalpy than cobalt oxide (Equation 1 and 2).  
                         6 Mn2O3 ↔ 4 Mn3O4 + O2   ∆H = 202 kJ/kg Mn2O3                              (B.1) 
                          2 Co3O4 ↔ 6 CoO + O2   ∆H = 844 kJ/kg                                              (B.2) 
Therefore, a combination of cobalt oxide with less harmful and expensive material such as 
manganese oxides has been investigated and shown great promise to address the issues 
above.4, 5 However, after calcination of the mixed cobalt manganese oxides, a mixture of 
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manganese oxides, cobalt oxides, MnCo2O4 and Mn2CoO4 were obtained,
4 which makes it 
difficult to identify the exact crystal phase that contributes to the superior performance of the 
mixture. Co, Mn and Fe-based spinels are widely used in a wide variety of applications, many 
of which are controlled by the diffusion of metal cations through the metal oxide lattice. 
Recently, the diffusion of metal cations through the mixed metal ferrite spinels was 
investigated using density functional theory.6 
In this work, Co and Mn-based spinels Co3O4, Co2MnO4 and CoMn2O4 were synthesized 
and confirmed by XRD. Their potential as redox couples for TES was investigated by 
thermogravimetric analysis (TGA) and compared with commercial spinel Mn3O4. Notably, 
Co2MnO4 shows a similar crystal structure to Co3O4. Similarly, CoMn2O4 and Mn3O4 are 
isomorphous. After reduction, Co2MnO4 and CoMn2O4 are converted to crystal structures 
that are isomorphic with CoO and MnO, respectively. Redox couple of Mn3O4/MnO is 
observed in this work instead of previous reported Mn2O3/Mn3O4. Furthermore, onset 
reduction and oxidation temperatures are both increasing with Mn content. 
B.2 Results and discussion 
 
Figure B.1. XRD patterns of as-synthesized Co3O4, Co2MnO4, CoMn2O4 and commercial 
Mn3O4. 
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The crystal structures of as-synthesized Co3O4 (ICDD 00-043-1003), Co2MnO4 (ICDD 00-
023-1237), CoMn2O4 (ICDD 00-077-0471) and commercial Mn3O4 (ICDD 00-024-0734) 
were determined by XRD (Figure B.1). Both Co3O4 and Co2MnO4 demonstrated a cubic 
crystal structure with the lattice parameter of a = 8.084 and 8.269 Å, respectively. Mn3O4 and 
CoMn2O4 showed a tetragonal crystal structure with lattice parameters of a = b = 5.762 Å, c = 
9.470 Å and a = b = 5.784 Å and c = 9.091 Å, respectively. The crystal sizes of Co3O4, 
Co2MnO4, CoMn2O4 and Mn3O4 are 13, 11, 11 and 55 nm, respectively. 
 
Figure B.2. TGA of (a) reduction of Co3O4 in nitrogen atmosphere and (b) oxidation of 
produced CoO in air atmosphere. XRD patterns of powders after (c) reduction and (d) 
oxidation. 
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Figure B.2a showed that onset reduction temperature of Co3O4 is 750 
oC. Its onset 
oxidation temperature is 400 oC (Figure B.2b). After reduction, Co3O4 is converted to CoO 
(Figure B.2c). After oxidation, the material turns into Co3O4 again (Figure B.2d). 
 
Figure B.3. TGA of (a) reduction of Co2MnO4 in nitrogen atmosphere and (b) oxidation of 
produced Co2/3Mn1/3O in air atmosphere. XRD patterns of powders after (c) reduction and (d) 
oxidation. 
Figure B.3a showed that onset reduction temperature of Co2MnO4 is 900 
oC. Its onset 
oxidation temperature is 600 oC (Figure B.3b). After reduction, Co2MnO4 is converted to a 
crystal structure that is isomorphic with CoO (Figure B.3c). After oxidation, the material 
turns into Co2MnO4 again (Figure B.3d). 
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Figure B.4. TGA of (a) reduction of CoMn2O4 in nitrogen atmosphere and (b) oxidation of 
produced Co1/3Mn2/3O in air atmosphere. XRD patterns of powders after (c) reduction and (d) 
oxidation. 
Figure B.4 showed that onset reduction temperature of CoMn2O4 is 1100 
oC and its onset 
oxidation temperature is 600 oC. 
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Figure B.5. TGA of (a) reduction of Mn3O4 in nitrogen atmosphere and (b) oxidation of 
produced MnO in air atmosphere. XRD patterns of powders after (c) reduction and (d) 
oxidation. 
Figure B.5a showed that onset reduction temperature of Mn3O4 1300 
oC. Its onset 
oxidation temperature: 550 oC (Figure B.5b). After reduction, Mn3O4 is converted to MnO 
(Figure B.5c). After oxidation, the material turns into Mn3O4 again (Figure B.5d). 
Redox cycling for one cycle was run using TGA under same conditions, after that SEM 
images were taken for each sample to investigate their morphology changes, as shown in 
Figure B.6-B.11. 
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Figure B.6. SEM of CoO upon reduction of Co3O4 in nitrogen.  
 
Figure B.7. SEM of particles upon re-oxidation in air (Co3O4).  
 
Figure B.8. SEM of particles upon reduction of Co2MnO4 in nitrogen. 
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Figure B.9. SEM of particles upon re-oxidation in air (Co2MnO4). 
 
Figure B.10. SEM of particles upon reduction of CoMn2O4 in nitrogen. 
 
Figure B.11. SEM of particles upon re-oxidation in air (CoMn2O4). 
It is worth noting that the feature size of the particles of each material increased to micro- 
or milli-meter size after the first reduction step and maintain the same during the re-oxidation 
step. Moreover, after redox cycling, the feature size of the cobalt manganese oxide spinels 
increased with the increasing manganese content, following an order of CoMn2O4 > 
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Co2MnO4 > Co3O4. This is in line with the trend of the reduction temperature of each 
material, as the higher temperature will result in bigger particles due to the intense sintering 
between each particle. 
B.3 Experimental section 
B.3.1 Synthesis of Co3O4  
Cobalt oxide particles were produced by flame spray pyrolysis of solutions containing 
cobalt(III) acetylacetonate. Combustible liquid solutions were prepared by dissolving 
cobalt(III) acetylacetonate (Strem) in toluene (Sigma-Aldrich, anhydrous, 99.8%), to reach a 
total Co-atom concentration of 0.1 mol L−1. This solution was fed through a custom built 
nozzle at 5 ml min−1 rate, and atomised with an oxygen flow (5 L min−1, COREGAS grade 
2.5) at a set pressure drop 2 bar. The resulting spray was ignited with a surrounding annular 
set of premixed methane/oxygen flame (CH4-flamlet = 0.5 L min
−1, O2-flamlet = 0.8 L min
−1, 
COREGAS grade 4.5). Particles were collected with a vacuum pump (ICME Type M80B4) 
on water-cooled glass-fiber filters (Sartorius glass microfiber, 160 mm diameter) placed at 40 
cm height above burner (HAB). 
B.3.2 Synthesis of Co2MnO4 
Co2MnO4 particles were produced by flame spray pyrolysis of solutions containing 
cobalt(III) acetylacetonate (Strem) and manganese(III)  acetylacetonate (Aldrich). 
Combustible liquid solutions were prepared by dissolving cobalt(III) acetylacetonate and 
manganese(III) acetylacetonate in a 2:1 (volumetric ratio) mixture of toluene (Sigma-Aldrich, 
anhydrous, 99.8%) and 2-ethylhexanoic acid (SAFC, purity >99%) to reach total Mn-atom 
and Co-atom concentrations of 0.03 mol L−1 and 0.06 mol L−1. The other synthesis 
parameters were the same as those for synthesis of Co3O4 particles. 
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B.3.3 Synthesis of CoMn2O4 
CoMn2O4 particles were produced by flame spray pyrolysis of solutions containing 
cobalt(III) acetylacetonate (Strem) and manganese(III)  acetylacetonate (Aldrich). 
Combustible liquid solutions were prepared by dissolving cobalt(III) acetylacetonate and 
manganese(III) acetylacetonate in a 1:2 (volumetric ratio) mixture of toluene (Sigma-Aldrich, 
anhydrous, 99.8%) and 2-ethylhexanoic acid (SAFC, purity >99%) to reach total Mn-atom 
and Co-atom concentrations of 0.06 mol L−1 and 0.03 mol L−1. The other synthesis 
parameters were the same as those for synthesis of Co3O4 particles. 
Mn3O4 powders (purity = 97%) were purchased from Sigma-Aldrich. 
B.3.4 Thermogravimetric analysis (TGA) 
7-20 mg of Co3O4, Co2MnO4, CoMn2O4 and Mn3O4, particles were used for the 
measurements (STA8000, PerkinElmer) with nitrogen purging (200 ml min−1) or air purging 
(20 ml min−1). Background was determined by running TGA with empty crucibles under the 
same conditions. The TGA data of Co3O4, Co2MnO4, CoMn2O4 and Mn3O4 particles were 
then plotted after subtracting the background. 
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